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This review describes the use of chemically modified pure
and alloyed metal nanoparticles for chemiresistive sensing
applications. Chemically modified metal nanoparticles
consist of a pure or alloyed metallic core with some type of
chemical coating. Researchers have studied the electronic
properties of 1D, 2D, and 3D assemblies of chemically
modified metal nanopariicles, and even single individual
nanoparticles. The interaction with the analyte alters the
conductivity of the sensitive material, providing a signal
to measure the analyte concentration. This review focuses
on chemiresistive sensing of a wide variety of gas- and
liquid-phase analytes with metal nanoparticles coated with
organothiols, ions, polymers, surfactants, and biomolecules.
Different strategies used to incorporate chemically
modified nanoparticles into chemiresistive sensing devices
are reviewed, focusing on the different types of metal and
alloy compositions, coatings, methods of assembly, and
analytes (vapors, gases, liquids, biological materials), along
with other important factors.
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Chemiresistive Sensing with Chemically Modified Metat and Alioy Nanoparticles

1, Introduction

Chemiresistors are a class of sensing devices fabricated
with a conductive or semiconductive material that exhibits a
change in resistance when exposed to a chemical analyte of
mterest. As shown in Figure 1, this type of sensor consists of
a chemically sensitive conductive film deposited between two
metal electrodes. Upon application of a potential (V), there
is a measurable current or resistance, Ky, across the film that
changes to R, upon interaction with an analyte (4) of interest.
Various types of materials have been used as the films in
chemiresistors. Traditionally, these have included metals!!
metal oxides,?! conductive polymers,/®! and insulating poly-
roers embedded with metal or carbon, such as carbon black/
polymer composites.t’)

There are a variety of mechanisms that can lead to a
resistance change in a material upon interaction with an ana-
Iyte. When pure Pd metal interacts with hydrogen gas, for
example, Pd hydride (Pde) forms, which has a larger resist-
ance compared to Pd.!8! The resistance change can be used
to detect hydrogen gas quantitatively. Metal oxides?! are
p- or n-type semiconductive materials whose charge carrier
mobility is altered by the presence of oxidizing or reducing
analytes, causing a change in the film resistance. Carbon
black/polymer composites are hybrid materials with a conduc-
tive element {carbon black) and insulating organic polymer
component.”l Vapor phase analyies can partition into
the polymer, which leads to film swelling and an increase in
resistance based on a reduction in the conductive pathways
through the carbon black. Sensor arrays comprised of several
devices, each with a different type of polymer in the carbon
black/polymer film, exhibit a different pattern of responses
to different vapor phase analytes {usually volatile organic
compounds, or VOCs). Pattern recognition methods, such as
principal component analysis,>*! allow one to distingnish
between the different analytes. This sensor array strategy
used for the detection of gas or vapor phase molecules has
been termed ‘electronic noses”.[1271]

Recently, nanomaterials have been widely explored for
chemiresistive  sensing  applications.'>1®91051  Examples
include metal or semiconducting nanowires,®! carbon nano-
tubes, 8017 fullerenes ' graphene, 'Y and semiconductive
or metailic nanoparticles. 221335394967 The gmall size and
high surface-to-volume ratio of nanoscale materials provides
several benefits for sensing over more traditional bulk films.
Since the surface atoms dominate the electronic properties of
the nanomaterial, analyte jnteractions with the surface usually
fead to much larger changes in resistance compared to bulk
materials, providing lower detection lmits. Analyte diffu
sion lengths are much smaller in nanoscale materials, leading
to faster equilibration with the analyle and faster response
times. Their small size resulis in a high level of device mini-
aturization, which leads to low cost, low power consuraption,
the possibility of performing fast measurements in the field,
and ability to measure analyte in highly-confined spaces.

There are several published reviews that discuss the syn-
thesis, fundamental properties, and applications of metal or
metal oxide nanoparticles that are iraportant, including those
describing charge transport?? and the electrochemistry!®! of
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nanoparticles and those describing applications in chemire-

220 cats ]‘, \s[ J chemical and biological
sensing,? 1 This review specifically focuses
on the use of chemically modified metallic (pure and alloy)
nanoparticies for chemiresitive seusing applications. Various
metals have been employed, such as An, Pt, Pd, Ag, and alloys
of these metals. Several modifications of the metal nanopar-
ticles have also been explored, including functionalization
with organic seif-assembled monolayers (SAMs), polymers,
surfactants, ions, and hiomo]e"ules, depending on the sensing
application. Section 2 of this review describes the different
strategies for the synthesis aﬁd Lunctwﬁ;ﬂzzaU,(m of metal
nanoparticles that are commonly used for chemiresistive
applications. After their synthesis, it is necessary to incorpo-
rate the modified metal nanoparticles into the chemiresistive
device as 2D or 3D assemblies (or films), or even as indi-
vidual nanoparticies in some cases. 1o Section 3, we briefly
describe both the electrode device fabrication and assembly
of the metal nanoparticles across the electrodes. Tn Section
4, we review electron transport through metal nanoparticle
films and individual metal nanoparticles as this is important
in understanding the chemiresistive sensing mechanism. In
Section 5, we review analyte partitioning into the chemiresis-
tive films, which is important in the description of any type
of sensor. The analyte of interest can be gas phase or liquid
phase organic, inorganic, or biological molecules. In Sec-
tions 6,7, and 8, we review the various chemiresistive sensing
applications for vapor-phase molecules, gases, and liquid-
phase analytes, respectively. Finally, we summarize and dis-
cuss future directions of the field in Section 9.

Table 1 summarizes the different types of chemically modi-
fied metal and alloy nanoparticles discussed in this review. The
table provides details about metal composition, size of the
nanoparticles, organic coating, linker (if any), film-deposition
method, sensing environment, types of analyie detected, limit
of detection (LOD) for the indicated analyte, and current
response direction. We made our best effort to include all arti-
cles relevant to this field in this review and apologize for any
reports that we may have mistakenly overlooked.

sensing,|
3! a

sistive
mnd redicine.?

2. Synthesis and Functionalization
of Chemically Modified Metal Nanoparticles

2.1. Electrostatically Stabilized Metal Nanoparticles

The most common electrostatically-coated nanoparti-
cles are those stabilized with negatively charged citrate ions
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synthesized following the Turkevich method.®! Briefly, a
nmetal ion precursor (nsually HAuCL,) is reduced in water by
trisodium citrate atl high temperatore, which serves as both
3 reducing agent and weak stabilizer. This approach gener-
ally leads to nanoparticle diameters between 12 and 20 am.
The use of borohydride as a reductant in the presence of
frisodium sall at room temperature, results in smaller nano-
particles (d = 4-5 nm}, which are generally used as seed par-
ticles for subsequent growth in the presence of metal salt and
surfactant to produce larger various-shaped nanoparticles,
ncluding rods, wires, triangles, cubes, and branched struc-
tores 0L Blecirostatically-stabilized metal nanoparti-
cles have a large propensity to aggregate and it is difficult to
directly form drop-cast films from thern. For this reason, they
are usually further treated in post-synthesis steps, including
cross-linking reactions, place exchange reactions with other
ligands, laver-by-laver film formation, and biomolecular
functionalization.[5?]

2.2. Surfactant or Polymer-Stabilized Metal Nanoparticles

Surfactant or polymer-stabilized nanoparticles have been
recently synthesized and characterized with potential medical
applicationsi®*! and for chemiresistive sensing of vapor and
gas analytes.’®>! We previously synthesized tetracctyiam-

nonium bromide (TOABr)-coated Au, Pd, AuAg, and PdAg
nanoparticles by the reduction of AuCl", PACL*>, Ag', or
some combination, with NaBH, in the presence of the sur-
factant in toluene solutions.”®! These surfactant-coated nano-
particles were subsequently drop-cast deposited between

ricrofabricated electrodes for vaport®?
applications.

L3 a1 .
31 and gasl™! sensing

2.3. Monolayer-Protected Clusters (MPCs)

MPCs are most often synthesized by reducing a metal
ion precursor in the presence of organomercaptans or orga-
noamines, which serve as stabilizing ligands, in a one-phase
or two-phase solvent system. As the metal salt is reduced to
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he zero-valent metallic form, nanoparticles form by nuclea-
ion and growth while the organic ligands adsorb onto the
surface of the nanoparticles to form a single self-assembled
monolayer (SAM} coating. The SAM passivates the nanopar-
ticle surface, prevents nanoparticle aggregation, and controls

1
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Large films

Metals

Metal Oxides (semiconductors)
Conducting Polymers
Polymet/metal composites
Polymer/carbon composites

Small films
Nanowires
Nanotubes

Nanoparticles

Figure 1. Schematic representation of a chemiresistive fiim placed in between two metal electrodes subjected te a potential (V) where film
resistance R, changes to £, upon interaction between film and analyte {A) of interest.
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Table 2. Summary of the organic-modified metal and alioy nanoparticles used for chemiresistive sensing. Nole: 2-propanot = IPA, methanol =

Chemiresistive Sensing with Chemically Modified Metat and Alioy Nanoparticles

MeCOH, ethanol = EtOH, benzene = Bz, hexane = Hx, toluene =Tol, tetrahydrofuran = THF, dichloromethane = C1,CH,, 11-mercaptoundecansic acid =
MUA, 6-mercaptohexadecancic acid = MHA, 16-mercaptohexadecansic acid = MHDA.

Metal NP size +STD Modifier Linker Film deposi- Sensing Analytes detected LoD Current Ref.
compositicn [nm] tion method environment increase
M
decrease
0]
Au NR octanethiol (C8S) — airbrush air water, IPA, tetrachloroethylene, 2.7 ppm Tand{ 27]
Tol (Tob)
Au 2.9-6.0 hexanethiol C65-X — spin-coafing air MeOH, IPA, Hx, pentane, Tel, 20-16 ppm T 128,86]
with X=CH, NH,, CH,, acetic acid (FtOH)
COOH
Au 2.0+0.8 CH,{OCH,CH,}SH n — air water, {PA, Tol NR — 29]
=234
A 3.0-5.G6 n-(3-thienylalkane- — spin-coating air EtOH, chioroform, Hx, Tol NR — 30]
thinlsn=2,6,12
Au 43109 €8s; Ptll,{olefin}- - airbrush air EtOH, acetone, 2-butanone, =~5.5ppb 1 31]
pyridine} +C85% isooctane, trichloroethylene,  {(styrene}
1-4 dioxane, Tol, perchloro-
ethytene, n-buty! acetate,
chlorcbenzene, m-xylene,
styrene, ethylene, 1-cctane,
1.3-butadiene
Au 3.0-4.0 (8S; octanetrithiol — inkjet- NR Tel, EfQH, dichlorcethane, 300 ppm L 32|
€8sy printing MeQH, and acetone (Teh
Au 4.3+0.9 8S - spray-coating N, 28 differentvapor analytes  0.0079 2 i33]
ppm
(n-decane}
Au 3.9-4.5 1-cctanethiol {C8); — micro- NR n-propanol 2-butanone NR l 34]
1-mercapto-6-phe- dispensing
nexyhexane (OPH);
7-hydroxy-7,7-
bis{triflucromethyi)-
heptane-1-thiol (HFA},
or mercapto-dipheny-
lacatylene (DPA)
Pt 174+0.5 oleylamine (ODA},11- - drop-casting dry and humid Hx, octane, decane, ethyl Bz, 40 ppm 2 {35]
mercaptounde- air EfOH, and water {octane}
canol, MUA, and
benzyimercaptan
Au NR chlorobenzen- - immersion air iPA, acetone, cyclohexane 185 ppm | {36]
emethanethiol (CBMT), (Tol)
(85
Al 6.0-7.0 C12NH, -~ drop-casting air water, acetone, Tol, methane- 1.5 ppm T 1371
thiol, prepanethicl, actane-  (methane-
thicl, and thiols diluted in N, thiol}
Au; AuAg 4.1+£0.8 tetraoctylammonium drop-casting air MeOH, EfOH, IPA, Tol, acetone 2.0 ppm i 38|
bromide (TOABr) (EtOH)
At 52103 €128 (1,9 nenanedit place- air EtOH, Hx, Tol NR — 39]
1.9+0.7 NDT), (MUA} exchange
cross-linking
precipitation
Au 2.0+0.7 €128 X-{CH) - K; X place- air Bz, Hx, Tol NR 40|
=CO0H,HS; n=  exchange
6,9,12,16 cross-linking
precipitation
Aulg 2.0-3.0 (0.5}
Au =1.6 C65 hexanedithicl microcontact N, {PA, Tol NR - 141]
printing
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Metal NP size + 57D Maodifier Linker Film deposi- Sensing Analytes detected LoD Current Ref.
composition [nm] n method environment increase
M
decrease
4]
Au NR C12NH, {1,12-dode-  laver-by-layer air Tol, 1-propanol, 4-methyl-2- NR - [42]
canedithicl]; pentanone, water
[(4)-staffane-3,3""-
d s 14,47 ter
phenyldithiol]
At =1.1 |poly(ethyiene glycol} octan iotand liguid-phase air Hx, EtOH, €O, NR - {21}
thiol (HSPEG)]; [phenyl  decanedithiol  cross-linking
Au 4.0+1.2 dodecanedithicl layer-by-layer air Tol, 4-methyl-2-pentancne, NR - {43]
water, 1-propanol
Au NR C.S, n=4,6,8,10,12, HS(CH,),CO,H, n= drop-casting N, EtOH NR — 44}
MUA, MHA, MHDA 5,10,15
Au; Ag; Pd 1.0-3.0 C6S; MUA Carboxylate-M™- fayer-by-layer air EtOH NR -- 145]
carboxylate, n=
Cu?, Zn?t, Ag', or
methyi viologen
Au ~4.0 C12NH, idisulfide poly-  layer-by-layer air water, 1-propanol, Tol NR — 146}
phenylenej; [poly-
{amidoamine)];
Ipoly{(propyiene
imine}]
Pt, Au 3.0+0.8 C12NH, 1,9 nonanedithiol iayer-by-layer air water, NH,, CO, Tol, 100 ppb l 471
tetrachioroethylene (:iHj)
Au 3.0 1H, 14, 2H, 24 Per- - drop-casting N, hexafluorobenzene, MeQH, Hx, NR T (48]
fluorodecanthiol (PFDT) chloroform, Tol, water
Au NR C.S, n=4-11 — drop-casting NR n-hexane, n-heptane, n-octane, NR Tandl 149]
iso-cctane, cycichexane,Tol,
ethyl acetate, MeOH, EfOH, IPA
1-butanol
Au NR {8S 1,6 Hexanedithiol place- N, water vapor, Tol, EtOH, ethylac-4 ppm (Tol) 4 150}
and 1,4 hen- exchange efate, IPA, and acetonitrile
zenedimethane- cross-linking
thiol precipitation
Pd 1.7-113.8 A-DNA drop-casting air H, 1000 ppm T {51]
Au NR C65%; C10S; Langmuir- air Tol, NO, c.5ppm  Tandl  [52
4-methyibenzethiol Schaeffer (NG}
Au 3.2-11.8 CeS — immobilized air Hx, Tol, ethyl ether, THF, CHC,, NR — [53]
on SAM- CH,Cl,, acetone
modified
suiface
Pd; PdAg PdAu =3.0 C6S; C8NH,; C12NH,; — drop-casting N, and air H, 8CC ppm t 155,75]
C16NH,; TOABr, mix-
monolayer (C65+C8NH,)
Au =6.0 C4S; [4-mercap- — inkjet- liquid EtOH, C,CH,, Tol, cctane G.1 ppm $ [54]
tophenolj; {6, printing (Tol)
Hydroxyexanethiol]
Au =~3.0 C8S — drop-casting liquid (€8S and Galvino! — [56]
Au =6.0 polymethtylene - immobitized liquid bypiridinium - [57]
on a redox- reduction
gate
Au =13 cligonuciectides - Immobilized liquid DNA 500 — [58]
on a oligo- femtomolar
nucleofide-
strands
Ay 13.6%20  3-mercaptopropionic Zn%* immobitized liquid DNA 50 {59]
acid on a peptide femtomolar
nucleic acid
178  www.small-journal.com © 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim small 2612, 8, No. 2, 174202
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the nanoparticle solubility. The study of SAMs on various
planar and nanostructured metal surfaces has been crucial
to the vnderstanding of the physical and chemical proper-
ties of these interesting materials and their interactions.®
For instance, nanoparticle size depends on the SAM mol-
ecule to metal ion mole ratio doring the syathesis. As the
ratio inecreases, the nanop: article size decreases and is in the
mu in dismeter for An nanoparticles
protected with aikanethiolates.®™ Some examples of organo-
mercaptan higands used in nanoparticie synthesis mclude the
commonly used hexanethiol-coated {68} Au MPCs /% aeta-
nethiol-coated (C8S) Au MPCs?" a mixture of alkanethiol
and w-carboxylate alkanethiol (i.e., 11-mercapto-undecanoic
acid, MUUA) MPCs* and some examples of organcamine
ligands include dodecylamine-coated (C12NHL}LP79 and
octylamine-coated (C8NHS,) Pd and PdAg alloy MPCs,* and
dodecylamine-coated (C12NH,) PtM7 An#! and PdAul]
alloy MPCs. Alternatively, monolayer-protected nanoparticles
can be synthesized by reducing the metal ion precursor with
weakly coordinated ligands, such as citrate jons or surfactants
(vide supra}, which are then later exchanged with stronger
organomercaptan Iigands to form MPCs. There are also a few
methods used te alter the functionalization of MPCs by post-
synthetic chemical treatments. This includes place exchange
reactions, where the original monolayer is completely or par-
tially exchanged with an incoming new ligand either in the
Hiquid phase or the vapor phase!®! Coupling reactions!®
with reactive groups on the MPCs also lead to more diverse
functionalization. The thermal treatment of MPCs in solution
has been utilized after synthesis to increase the particle size
and decrease size dispersity.’"]

general range of 2 to 5

3. Device Fabrication

3.1. Elecirode Devices

Electrode devices are usually microfabricated in a clean-
room facility following photolithography, sputtering, and lift-
off procedures. Microelectrodes are sputtered or evaporated
over an insulating layer (i.e., S¥/SiQ,} and, less commonly,
over an insulating flexible polymer(™] Wnth a pair of Au elec-
trodes or interdigitated array (IDA) of electrodes separated
by micro- or nanometer distances.""*8 The IDA consists of
several (10-20, usually) interdigitated Au fingers separated by
a few to tens of micrometers.?’ M A conductive STM tip and
sample has also been used for studies of ¢lectron tunneling at
a junction containing individual nanoparticles.[¥*!

3.2. Nanoparticle Deposition/Assembly

To complete device fabrication, the orgaunic-modified
raetal nanoparticles must be assembled or deposited across
two electrodes by some method in order for their electronic
properties to be measured. The strategy varies, depeunding
on the type of metal nanoparticle synthesized. Electrostati-
cally-stabilized metal nauoparticles, such as citrate capped
nanoparticles, are uspally assembled through bifunctional

small 2012, 8, No. 2, 174-202 © 2012 Wiley-VC
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cross-lnkers, such as dithiols, U= or electrostatically with poly-
electrolytes.[™ This requires sequential dipping of the elec-
trodes into alternating solutions of the metal nanoparticles
and the cross-linker or polyelectrolyte.™ Surfactant- or poly-
mer-coated nanoparticles could be water-soluble or soluble
in organic solvents and deposited across electrodes by drop-
cast deposition or layer-by-layer assembly.[®! Nanoparticles
coated with biological molecules, such as DNA or proteins,
may be deposited on surfaces through specific biclogical
interactions.[’

MPCs are usually soluble in organic solvents, depending
on the pelarnty of the SAM, and therefore deposited across
electrodes (often T3As) by drop-coating,[™! airbrushing, 728
and spin coating. 5203078 { ayer-by-layer deposition is also
possible as has been demonstrated with dithiolsU” den-
drimers[*®! and metal ion—carboxylate linkages[**! Zhong
and co-workers developed a cross-linking precipitation
methed®™ and studied the implications of linked nanopar-
ticlesl’ where organic soluble MPCs become insoluble by
adding ligands that cross-link the MPCs through dithiol or
hydrogen bonding interactions and deposit directly across
the electredes from solution. Recently, MPCs have also been
deposited by microcontact printing,*!! Hthography tech-
niques,’3 inkjet-printing,["%

(72}

! and microdispensing.B

Figure 2 shows the deposition of a film of nanoparticles
by drop-casting, dipping cycles in a layer-by-layer fashion,
microfabrication, and microcontact printing approaches.
Figure 2A shows optical images of microlectrodes before
and '1fter drop-cast deposition of a film of C3NH, Pd
MPCs.!%| Figure 2B shows Au nanoparticles assembled
between two Pt electrodes by immersion of the electrodes in
an alkanedithiol solution followed by the nanoparticie solu-
tion and repeating the procedure to form films in a layer-
by-layer fashion.[® Figure 2C shows microfilms of Au MPCs
obtained by microfabrication techiniques. ™ Gur group also
combined microcontact printing with vapor phase dithiol
cross-linking to prepare highly stable microscale films of
Au MPCs that respond reversibly to volatile organic com-
pounds (VOCs)'H and H, gas and that were connected by
Ag paint’ in the top and bottom images of Figure 2D,
respectively.

J

4. Electronic Properties of Chemically
Modified Metal Nanoparticles

4.1. 3D Solid-State Films of Metal Nanoparticles

The conductivity of solid-state 3D films of orgasic modi-
fied ruetal nanoparticles, mainly discussed in the literature for
MPCs, has been described as an activated core-to-core elec-
tron hopping mechaaism by the following eqnation

Tgy = UOGXP[ -£46 edge § €XT |-

.
[y
~—

Here, op; is electronic conductivity (@' em™), o, is a pre-
exponential constant, 8.4, the core edge-to-edge distance, By
is the electron iunn¢11ng wemm\,m (A 1}, L, 1s the activation
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179



180 www.small-journal.com

SO reviews

A Drop-cast

f. ]. Ibafiez and F. P. Zamborini

@k\\‘ DR
X

N

SHRUR
MRS

D Microstamped

Microstamped C6S Au MPCs

N

Microscale film of C6S Pd MPCs

Figure 2. A} Opticalimage of a 23 um gap electrode before and after drop-casting C8NH, Pd MPCs; B} SEM and close-up image of an Au nanoparticle
film formed by repeated dipping cycles in atkanedithiol and Au nanoparticles solution; O SEM image of microfabricaled Au nanoparticle films of

various dimensions, and D) AFM image of microstamped lines compris

optical image showing Ag paint contactinga m

(V)

e
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metal core organic shell (SAM)

dielectric between nanoparticles

Figure 3. Schematic representation of a chemiresistive film of various
dimensions comprised of metal monolayer-protected clusters (MPCs)
separated by interdigitated SAM molecules. Electron hopping occurs
from core to core when 3 voltage (V) is applied.

d of C6S Au MPCs across two Au electrodes sep
icrowire comprised of 65 Pd MPCs. Reproduced with permission. A173I8)7el07E]0)7]
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arated by 1 um and an

energy (kJ mol!), R the gas constant, and 7 the temperature
in Kelvin.

The cartoon in Figure 3 shows MPCs separated by
interdigitated self-assembled monolayer (SAM) molecules
through which electron hopping occurs. The first term in
Equation i shows that o, is exponentially dependent
on the nanoparticle-nanoparticle edge-to-edge distance
(8.qqe) and the tunneling coefficient (§;). The value of §.4pc
depends on the number of carbons in the alkyl chain of
the SAM (or its thickness), which determines the distance
between the cores. The tunneling coefficient (f;), usually
referred to as an attenuation factor describing the expo-
nential decay in electron transfer as the distance between
the nanoparticle cores increases, depends on the structure
and molecular composition of the SAM. For example, aro-
matic groups have a smaller fi; compared to alkane chains
due to electron delocalization in aromatic rings. The dielec-
tric constant of the SAM, g, (vide infra) may also affect
B4 For example, an Au nanoparticle coated with similar
chainlength SAMs with different end groups, such as
dodecanethiol versus mercaptoundecanol, might have dif-
ferent B, values.

small 2012, 8, No. 2, 174202
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The second exponential term in Equation 1 relates con-

ductivity to the temperature and the energy of activation.
For continnous metal films, op; decreases as temperature
increases. In discontinuous films, such as films of MPCs or
altrathin filrus comprised of 2-8 nm diameter metal islands
(granolar films), the conductivity increases with increasing
temperature. The counduoctivity is exponentially dependent
on 77 or 772 in the Arrhenius and granular models,™
respectively. Terrill et al. compared the Arrhenius and gran-
ular models for conductivity of films of Au MPCs, finding
that In(conductivity) was linearly dependent upon both 7!
and 712 within experimental error.® From the slope of
the Arrhenius or granular moedel plots, one can measure the
activation energy {E,), which is equivalent to the energy
required to transfer amn electron between neutral cores to
generate a positively and negatively charged nanoparticle
pair (also termed charging energy). This activation energy
depends on the dielectric of the surrcunding me dium, energy
of an electron, and radius of the particle as discussed by both
Sheng et al.82 and Terrill et al81 as follows:
By~ P\A,C éef'ap/ 586 Reore (RCOI'E + 5ed,ge\) (2)
where N, is Avogadro’s number, e the electronic charge, 5,qq
edge-to-edge separation, ‘R, the radius of the
roetal nanoparticle, ‘g’ the static dieleciric constant of the
intervening matrix, and ‘g, the permittivity of free space.

Equation 2 shows that E, is inversely proportional fo
the dielectric constant of the medium (g). Since oy, has an
inverse exponential dependence on E,, an increase in g will
}cad to a decrease in E, and a corresponding exponential

increase in og; . In general, og; from Equation 1 will change
if an analyte of interest partif;omng into the film of nano-
particles causes a change in 6,4, through film swelling or £,
and 3, by significantly altering the dielectric properties sur-
rounding the monolaver. For sensing experiments at constant
7, a change in all three variables will affect the conductivity
and it is often not known which variable is the dominant
factor. A more dramatic change from electron hopping to
metallic conductivity occurs if the discontinuous film changes
into a continuous film with a fully conductive pathway beyond
the percolation threshold. 396

the core

4.2. Individual Nanoparticles

Most previous knowledge of the electronic properties of
mdividual metal nanoparticles derives from scanning tun-
neling microscopy (8TM) experiments, where one measures
the tunneling current (f,,) between a sharp metallic STM
tip and a conductive substrate through an individual metal
nanoparticle as a function of the bias voltage (Vy,,.) applied
between the tip and substrate. The rdat-onship between tun-

neling current and Vi, in STM is as follows, 84

7 —
fun —

{COH St) Y jas EXP (’“‘75 =V/R tu“ l\j)

where 4 is the distance between the STM tip and conductive
surface, B is the electron tunneling decay constant {=1 A’i),
and R,,, is the effective resistance of the tunneling gap,
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Figure 4. Schematic representalion of electron lunneling between
an STM tip and a SAM-modified Au substrate through a single MPC.
The circuit represents the interaction between tip—MPC and the MPC-
substrate with capacitors (C; and C;) and resistors (R, and R,) in series.
Reproduced with permission.’?!

typically 10°-10" ohms[®! This equation shows the well-
known exponential relationship between /,, and tip-sample
distance, which is similar {o the exponential relationship
between conductivity and nanoparticle edge-to-edge distance
for electron hopping between metal nanoparticles. Clearly, a
small change in d leads to a dramatic change in 7, (about 1
order of magnitude change with a 1 A change in distance).
Figure 4 shows a schematic diagram of an experiment incor-
porating a Pt/fr §TM tip over a conductive substrate with a
single MPC on the surface placed between the tip and the
substrate.’¥ There is a bartier to electron transport at the
tp-MPC and MPC-substrate junctions, which depends on
the capacitance and resistance of these junctions as depicted
in Figure 4. The energy required to charge a single nanopar-
ticle by one electron is given by:

B, = ¢ /2C ()

where ¢ is the electron charge and C is the capacitance of
the nanoparticle. In order to observe single electron transfer
events at individual nanoparticles, £, must be much greater
than the available thermal energy 47, The capacitance of
a nanoparticle depends on the radius and dielectric sur-
rounding the nanoparticle according to:

C=4nsesr (5)

where g, is the static dielectric of the medium and r the
radius of the nanoparticle. Considering Equations 3 and 4,
increases with decreasing nanoparticle size. When the nano-
particle size is small enough that E_ is much greater than &7,
Coulemb blockade or staircase behavior may occur and be
observed in an STM experiment.”® The change in voltage
{Coulomb gap or step) corresponding to the single eiectron
tunneling event as determined from a current-voltage {I-V)
curve is related o electron charge (¢} and capacitance £, =
¢?/2C. This can be used to measure the nanoparticle capaci-
tance experimentally.
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For a constant size nanoparticle, if an analyte binding
event changes the diclectric (g), then the capacitance
will change proportionally and the Coulomb gap or step
observed in the /-V curve will change. Since scanning tun-
neling spectroscopy {STS) experimenis are very sensitive o
the environment of the nanoparticle, some groups have used
organic-modified metal nanoparticles as chemical gates and
studied single electron transport (SET) at different ptl,P%
through redox molecules,”” and at single MPCs of different
size in the presence of various vapor analytes.5¥ These exam-
ples will be described in more detail later in this review.

5. Partitioning and Response
of Chemiresistive Sensors

All sensors consist of an analyte delivery system, sensitive
coating material, and a transduction clement that converts
a chemical or physical interaction between the analyte and
sensitive coating into a measurable electronic signal. When
analyzing molecules in the vapor phase, the analyte is usu-
ally transported to the sensing device by an inert carrier gas,
such as N, or Ar, or is detected in air under ambient con-
ditions. In a chemiresistive sensor, the vapor phase analytes
partition into the sensitive film and a direct change in the
resistance of the film provides the signal for quantifying the
vapor concentration of the analyte. The concentration of
the analyte in the sensitive film (C;) is related to the concen-
tration of the analyte in the vapor phase (C,) at equilibrium
by the partition coefficient (K) as shown in the following

equation:(%]

Ky = CdC, (6)

The sensor response (R,) is usuaily assumed to be directly
related to €y, which is directly related to K, as follows:
Rs =f(KaCv) (7)

K, depends on the relative affinity of the vapor phase
molecules for the film versus the vapor phase. The same
rules observed for separation methods, such as gas chromato-
graphy, also apply for the film coatings of the vapor sensors.
For example, a nonpolar molecule will have a larger affinity
for a nonpolar film and vice versa. In addition, analyte mol-
ecules with lower vapor pressure will generally favor the film,
or the condensed phase. If there is a specific chemical inter-
action between the vapor molecule and the film, other than
just similar polarity, then a very large Ky may result. Many
researchers model the response of the sensor as a function
of the vapor phase concentration according to the Langmuir
adsorption isotherm model as follows,”7)
Rs,max/RS =1+ 1/I<dCV (8/‘
where R .. is the maximum response of the sensor at satu-
ration and R, is the response of the sensor at the particular
vapor concentration C. By plotting R, /R, versus 1/C,, one
can obtain K; from 1/slope of the linear plot if the vapor
adsorption to the film follows this model. For liquid phase
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analytes, the situation is similar except that the analyte mol-
ecules partition between the liquid phase medinm and the
solid-phase chemically sensitive film.

In the next three sections of the review, we describe the
use of chemically modified metal nanoparticles as the sen-
sitive coating in chemiresistive sensors for organic vapor
molecules (Section 6), gases (Section 7), and liquid-phase
molecules {Section §).

6. Chemiresistive Sensing of Vapor-Phase
Molecules

6.1. Drop-Cast 3D Films

6.1.1. Drop-Cast Fifms of Organomercapian-Coated
Au Nanoparticles

Effect of Functionality: Wohltjen and Snow were the first
to report on the use of Au MPCs for chemiresistive sensing
of VOUCs. They prepared a drop-cast film of octanethiolate
(C88)-protected Au MPCs for chemiresistive sensing of polar
and nonpolar vapor-phase analytes, including water, 2-pro-
panol, tetrachiorocthylene, and toluene.!?’! In their studies,
they synthesized and purified the C85 Au MPCs, dissolved
them in toluene, and drop-coated a solid-state film of the
85 Au MPCs across an interdigitated array {(IDA) of elec-
trodes for chemiresistive measurements. Figure SA shows the
relative conductance change (AS/S) versus the vapor pressure
of the different vapor analytes. The relation demonstrates a
drastic current decrease of the film in the presence of tol-
uene, no change in water, and a slight current increase for
the film in the presence of 1-propancl. The authors concluded
that there were two electron-transport mechanisms occurring
at the film: electron tunneling between metal cores (=2 nm
spacing) and hopping along the alkanethiol chain. The large
film response upon toluene absorption was attributed to a
dominant swelling mechanism, which locally perturbed the
electron transport between cores by increasing the interpar-
icle distance. They suggested that adding specific functional
groups to the organic layer would allow selectivity and sensi-
tivity for a wide range of vapor analytes.

In a later study, Evans and co-workers prepared drop-
coated films of Au MPCs protected with S-Cgl,-X, where
X = -0OH, -CO0L, -NH,, and -CH,;, {or sensing methanol
(MeOH), ethanol (EtOH), 2-propancl, hexane, pentane,
toluene, chloroform, and acetic acid.?®®! Films containing
MPCs with X = CH; displayed the largest response to non-
polar analytes, such as pentane and hexane, while those
coaled with polar X groups were more sensitive towards
OH-containing vapors. They suggested that this trend could
be understood in terins of solubility between the analyte and
the protecting ligand. Following their report, they intro-
duced two MPC films that were more stable in solution as
compared to -COOH- and -NH,-terminated nanoparticles.
Figure 5B shows films comprised of 4-mercaptophenc] (X =
-OH) and 4-methylbenzenethiol (X = ~CH,}-functionalized
Au MPCs used for sensing nonpolar dichloromethane

.
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Figures. A)Vaporresponse isotherms ofthe C85AuMPC film exposed to propanol, water, tetrachiorethylene {TCE), and toluene. B,C
=-0H or —CHs. towards dichloromethane (DCM} and methanol vapor, resoectlvely Reproduced

response for 5-C.H,—X-coated Au MPCfilms with X =
with permission A12715,028]

(DCM) and polar MeOH analyte VBpOFS shown in Figure 5B
and C, respectively. It is noticeable from the response profiles
that films with OH-containing groups were more selective to
a 91 ppth MeOH vapor indicated by a drop in film current
of approximately 70% as compared to nonpolar analytes,
which displayed oxlly a 20% current change in the presence
of the same film. Accordingly. films comprised of CHi-
containing groups were more responsive to DCM. Interest-
ingly, an increase in conductivity cccurred for a film of OH-
functionalized Au MPCs in the presence of lower MeOH
concentration. The authors explained the current response
based on the clectron hopping Equation 1, where the current
increased at low concentrations of MeOH due to an increase in
the permittivity of the film (&g,) as the MeOHmolecules partition
into the interstitial pores between MPCs in the film, and the
current decreased at high vapor concentration due to film
swelling upon a greater amount of MeOH in the film, which
led to an increase in the edge-to-edge MPC distance (8, ‘ge)
-.haa dominated over the permittivity increase. The authors
determined that the MPC separation and permittivity of the
medium depends on the analyte partial vapor pressure,

Foos et al. exchanged conventional C6S Au MPCs with
ethylene oxide oligomers CH;(OCH,CH,) SH of specific
lengths {(n = 2, 3, and 4) and studied their solubility, conduc-
ivity, and chemiresistive response to VOCs.[*] They ohserved
ha ‘-, &hﬁn n = 2, the nanoparticies were water-soluble while
they were water insoluble when n > 2. All of the film con-
ductivities were roughly one order of magnitude larger than
that of alkanethiol-coated Au MPCs of similar length. In the
presence of toluene, in all cases the film of ethylene oxide
MPCs exhibited a decrease in current, but it was more pro-
nounced for shorter organic chains (n = 2). In the presence

o,

=
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2-propanc! and water, these films exhibited a weaker
response and sometimes an increase in current, similar to
that observed for €8S Au MPCsP” and small aromatic thiol-
coated An MPCs.% Tn general, the film with low content of
oligomer units responded best to toluene. As the oligomer
units in the nanoparticle increase, the reponse to nonpolar
vapors such as tolnene dimished, suggesting a mismatch in
polarity between the film and the vapor analvte.

Whitten and co-workers studied the electrical response of
films of thiophene-terminated alkanethiol MPCs with three
different chainiengths upon exposure to vapors of toluene,
EtOH, chloroform, and hexane over a conceniration range of
1060 to 260 000 ppm.t™! The chemiresistive response trend fol-
lowed as toluene > chloroform > hexane > EtOH, which is con-
sistent with the fact that the film is nonpolar and the response
is greatest for nonpolar analytes. The nonpolar analytes parti-
tion more strongly into the film relative to more polar analytes,
leading to a greater degree of film swelling and larger sensor
response by a decrease in the conductivity. At large EtOH con-
centration, researchers observed an increase in current, which
they concluded was due to an increase in the dielectric constant
{or permittivity) in the medium around the Au MPCs as dis-
cussed earlier.*7% A more recent study from the same group
revealed that perfluorinated dodecanthiol (PFDT)-coated Au
MPC films exhibit a decrease in resistance in the presence of
polar and nonpolar vapor analytes."™ The authors observed
relatively large spacing between Au cores {3.0 nm} suggesting
that the tails of the PFDT chain might be touching each other
{(not interdigitated). This conformational film structure and
separation between particles led the authors to speculate about
the anomalous sensing behavior. They suggested that dielec-
tric effects may dominate over swelling based on the observed
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merease in conductivity of the film for all vapors tested. The
authors suggest that based on the fibm structure, islands of
nanoparticles in the presence of the vapor may approach one
another or separate from each other, resulting in the formation of
more conductive pathways as previously discussed by Vossmeyer
and co-workers.[”! This report shows for the first time that a 3D
film comprised of MPCs responded with an increase in conduc-
tivity in the presence of polar and nonpolar vapors.

Rowe et al. prepared films of C88 Au MPCs alone and
C8S Au MPCs mixed with PiCL(olefin)-(pyridine) square
planar coordination complex for the detection of various
vapors and olefins®’l A comparison between the (85 Au
MPCs with the mixed filmm (C8S + Pt complex) showed that
the complex-containing olefin film was more selective and
sensitive towards olefin gases. The C8S film by itself displayed
an increase in resistance in the presence of all the vapor ana-
Iytes tested while the Pt complex film showed a decrease in
resistance. The complex-containing olefin coordinated with
the target olefin and readily returned to the original coor-
dinated-square planar geometry after analyte dissociation.
As the olefin analyte binds to the Pt complex a decrease in
resistance of the composite film was observed and attributed
to the formation of low resistance pathways caused by the
analyte which somehow competes with the increase in resist-
ance usually observed in the C8S MPC filns alone. To prove
analyte loading on the film, the researchers monitored mass
changes with a thickness shear mode resonator (TSMR).
They conciuded that the LOD for the film of Au MPCs with
the Pt-olefin complex is several orders of magnitude lower
than the C8S Au MPCs film alone particularly for the olefin
gases ethylene and 1,3-butadiene. However, the composite
film responded and recovered slowly and deteriorated over
time, which limits their use in GC applications.

Kim et al. prepared filins of Au MPCs coated with mixed
ligands of chlorobenzenemethanethiol (CBMT) and n-
octanethiol for chemiresistive sensing of 1-propanoi, acetone,
and cyclohexane.™ The results showed that mixed monol-
ayer MPCs exchanged with higher octanethiol content (=80%
molar ratio used in the ligand replacement reaction) were
more responsive to cyclohexane and I-propancl, which is sur-
prising in the latter case due to the higher polarity. On the
other hand, films of MPCs with lower amounts of octanethiol
(50% molar ratio} were more selective towards acetone.

Cai et al. prepared films of C85 Au MPCs and 2-
phenylethanethiol and assembled them onto an IDA of ¢lec-
trodesfor chemiresistive sensing and gas chromatography (GC)
quantification of 11 vapors.?™ The analytical device consisted

f a sensor array with four different IDA dimensions placed
on top of a preconcentrator capable of thermally desorbing
the gases for GC separation and quantification. The response
to vapors was linear, reproducible, and very sensitive with
an LOD ranging from 0.1 to 24 ppm. When analyzed in the
preconcentrator for GC applications, the response lowered to
760 parts per trillion. This was the first report that elegantly
showed a combination of chemiresistive response patterns
and GC retention times, which greatly improves vapor recog-
nition as compared to the sensor array alone.

Recently, Peng et al. prepared nine different functionalized
Au MPCs and drop-casted them onto an 1DA of electrodes
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for chemiresistive sensing of exhaled breath from healthy
and unhealthy (lung cancer) patients.®™ The researchers
were able to identify 42 different exhaled VOCs which were
used as lung cancer biomarkers. In their work, they suggested
that acetaldehyde and formaldehyde VOCs can be associated
with breast and lung cancer, respectively. They demonstrated
that a combination of an array chemiresistor coupled with
GO/MS and the use of principal component analysis (PCA)
can disctimninate between healthy and unhealthy patients in
humid atmosphere and without the need of preconcentrators.
Following their report, the same group was able to discrimi-
nate between healthy and unhealthy patients from a pool of
177 velunteers. They used an array of nanoparticles and GC
for the measure of YOCs and mass, respectively, and were
able to differentiate between breast, prostate, and colorectal
cancer ¥

Garg et al. prepared trithiol-capped Au MPCs and depos-
ited them by inkjet-printing on a spiral Au IDA of electrodes for
chemiresistive sensing of various analytes includiag Tol, EtOH,
dichloroethane, MeQH, and acetone.? They compared stability
of the trithiol-protected An MPC filos with the conventional
monethiol C8S Au MPCs They observed that after six months
the sensitivity of the trithiol-capped MPCs film was reduced by
=~10% while a conventional monothio] film decreased by ~47%,
indicating that multiple thiols chemisorbed on the Au nanopar-
ticles are relatively more resistant to oxidation.

Effect of Chainlengih: Through chemical synthesis, it is
possible to tailor the length of the monolayer surrounding the
MPCs and therefore control the electronic properties of the
film. Ahn et al. prepared films of 12-(3-thienyl)-dodecanethiol-,
6-(3-thienyhhexanethiol-, and 2-(3-thienyl}-ethanethiol-prot-
ected An MPCs and exposed them to vapors of toluene,
EtOH, chloroform, and hexanel?® Films containing the
greatest number of methylene units responded greater to
both polar and nonpolar vapors in a range from 1000 to
5000 ppm. Based on these results, the authors concluded
that while films of MPCs coated with thiols with a larger
number of methylene units displayed lower conductivity, they
provided more absorption sites for the film to interact with
the analyte and swell, and therefore improved sensitivity."
These films have a larger K, which leads to a larger response
according to Equation 7 and 8.

In a recent study, Garcia-Berrios et al. synthesized C,.5 Au
MPCs of various chaing lengths (n = C4-Cl11) and exposed
them to a set of 11 vapor analytes.™ The aunthors observed
that an increase in the number of carbons in the monolayer
showed a proportional increase in sensitivity (drop in cur-
rent} whereas in the presence of polar vapors sensitivity also
increased but responding with an increase in film current. This
behavior was previously noted by others and qualitatively
attributed to the effects of the dielectric constant of the vapor
analyte partitioning into the film. Here, the authors considered
that the dielectric g (organic capping + analyte vapor) would
be affected by the concentration of vapors in the film ().
Based on quartz crystal microbalance {QCM) measurements,
the researchers assumed that the vapor analyte partitioned
at the organic matrix only and not at the An core leading 10
partition coefficient values independent of the monolayer
chainlength. They also caleulated that an order of magnitude
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change in the diclectric value of the film in the presence of
the vapor analyte {vapor + orgaunic matrix) showed a simall
change in response. These data were supported by no change
in the plasmon band for a fibu of C8S Au MPCs exposed to
ethanol, suggesting that the dielectric may play a minor role
and that interparticle distance or film morphology may be a
dominant factor in the sensing mechanism.

Modeling: Zeller and co-workers developed a model
relating the chemiresistive respouse of fibus of octanethi-
olate-conted An MPCs to vapor-film partition coefficients,
density of the analyte in the condensed phase, and dielectric
constant for 28 different VOCs.B3 Based on these parameters,
the model can predict respounses within 24%. They found that
vapor seasitivities for chemiresistor films of various dimen-
sions were independent of the film volume, although thicker
films tend to have lower noise.’¥ They observed that the
chemiresistor sensitivity was iaversely proportional to the
partial pressure of the pure analyte. They also observed that
the relative resistance change was much higher than the rela-
tive mass change for the same VOUC concentration. Another
interesting resuit is that the ratio of the sensor response to
mass uptake was highest for high density nonpolar vapors
and alcchols, with the latter being greatly infilnenced by the
dielectric constant of the vapor.

6.1.2. Drop-Cast Films of Alkylamine-Coated Au Nanoparticles

Briglin et al. studied films of dodecylamine {C),NH,)-
coated Au MPCs for the chemiresistive sensing of water, ace-
tone, toluene, and vapors containing alkanethiols of various
chamlenths.m] As expected, the films displayed a reversible
decrease in current in the presence of water, acetone, and
tolnene vapors, consistent with the film

small s

tributes towards various VOO They conclude that cubic
nam)partic]es lead to a more sensitive chemiresistive film as
compared to spherical nanoparticles. Based on ellipsoretry
measurements, cubic nanoparticles showed higher swellability
which suggests that the dimensions and geometry of the film
pores may favor the partiion of vapor analytes. Pollowing
their report, Dovgolevsky et al. reported on oleylamine
{ODA}-coated cubic Pt nanoparticles which were liquid-
phase place exchanged with 11-mercaptoundecanol (MUOH]),
11-mercaptoundecanoic acid (MUA), and beuzylmercaptan
(BZM). These MPCs were drop-cast deposited onto TDA elec-
trodes and used as a chemiresistor for the detection of various
VOUCs including decane, octane, hexane, EtOH, ethyl benzene,
and water.[’’] They observed that the film of MUA-coated Pt
MPCs exhibited a decrease in resistance in the presence of
water as previously reported by others.?™ They concluded
that the nonpolar organic shell was more responsive to non-
polar analytes and less responsive to polar vapors such as
ethanol and water. Irnportantly, the ODA-coated flm of Pt
MPCs detected nonpolar vapors (i.e., octane and decane) at
high humidity (81% RH) under ambient conditions.

6.1.4. Drop-Cast Films of Surfactant-Coated Au
and Alloy Nanoparticles

Our group recently synthesized and prepared films of
tetraoctylarnmonium bromide (TOABr)-stabilized Aw and
AnAg alloy nanoparticles and compared their chemiresistive
response to more conventional films of hexanethiol (C68)-
coated Au MPCs.P8 Figure 6 shows the current-time plots
of films of TOABr Au nanoparticies and C6S An MPCs apon
exposure to alternating flows of N, and MeOH, EtOH, IPA,

swelling mechanism  already described.
Exposure to the thiol molecules led to
irreversible current changes due to the
strong covalent 5—-Au bond formed upon
vapor-phase place exchange between the
original alkylamines and the incoming
thiols. An irreversible current increase
occurred in the presence of H,8 (diluted
with “\Jz’ CH,SH, and propanethiol,
which is consistent with a decr
the core-to-core distance after the vapor-
phase place exchange between the long
C12 alkylamines and the shorter thml— i
containing molecules. Interestingly, the
film displayed a decrease in current in the
presence of the octanethiol vapor for rea-
sons that are unclear since it is still shorter
than the original C12NH, monolayer.
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Figure 6. Current—time plotis for fitms of A) TOABr Au nanoparlicles and
exposed to MeQH,
indicated. Response profiles are offset for comparison. Reproduced with permission.38]

) C6S Au MPCs film
EtOH, IPA, and toluene (Tol) from 14.9 to 0.27% vapor concentration as
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acetone, and toluene from 14.9 to 0.27% vapor concentration.
Upon exposure (o polar and nonpolar vapors, the filras exhib-
ited an increase in current, in contrast 1o the usual decrease
in carrent, and a betfer sensitivity Lo polar analytes (=30-150
times lower limit of detection). The lowest limit of detection
(10D} achieved with the film of TOABrcoated An nanopar-
ticles was 2 ppm for EtOH. The sensing mechanism is not {ully
understood but may involve Faradic or capacitive charging
current as opposed to electron hopping only. We observed
that the films of TOABr-coated AuAg (Ag < 10%) alloy
nanoparticles drastically reduced the vapor sensitivity, dem-
onstrating that the metal composition may play an important
role other than just serving as a conductive pathway.

6.2. Chemically Linked 3D Films of Au Nanoparticles

6.2.1. Dithiol and Hydrogen-Bonding Linkages

Lffect of Particle Size: Usually the synthesis of MPCs
following the Brust-Schiffrin procedure leads to somewhat
polydisperse nanoparticies. There are tweo reporis®®U that
explored the sensing behavior for films comprised of dif-
ferent, more uniform particle sizes prepared by post synthesis
thermal treatment.”” Zhong and co-workers synthesized
C12S Au MPCs 0f1.9£0.7 and 5.2 +0.3 nm through a modified
Brust method followed by thermal treatment.[% The two dif-
ferent batches of MPCs exhibited monodispersity above 80%
of the population. The thermal treatment led to an annealing

{ the nanoparticles, resulting in an increase in their size and
change in shape with no evidence of thermal desorption of
the monolayer.!™ They deposited the MPCs as films across
electrodes by cross-linking the MPCs with 1,9-nonanedithiol
and 11-mercaptoundecanoic acid directly in solution through
a place exchange cross-linking precipitation mechanism.
Table 2 shows the shell linkage, vapors tested, and response

sensitivity data for the two different core size papoparticl
films. The table indicates that there are similarities and dif-
ferences between the two types of films. The sensmvﬁy of the

Table 2. Response sensitivity for different vapor sorption at films com-
prised of 2 and 5 nm particles with different shell linkers. Note: water=
Wa, hexane = Hx, toluene = Tol. Reproduced with permission.B

Shell tinkage Vapor Responses for different core sizes
Alg o Aty oo
(ARIRYAC AfIAC (ARIR}IAC DfIDC
MUA Tol 2.24 %1073 -0.24 8.28x 107 -0.23
HX 4.17 x 1074 ~0.042 1.87x107* -0.030
MeOH 7.04 % 10°° -0.010 b) -
Wa 2.96%x107%  -0.014 b)
NDT Tol 2.71x107 -0.18 3.14x107 ~0.24
Hx 5.23x1067%%  -0.028 5.49x107°%  -0.036
MeOH  1.89x107° - b) -
Wa 1.11x1078 - b) -

#Slopes from Hnear approximations; PNo entry due to unusual respense profites.
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films of 5 and 2 nm MPCs with the same haker, as indicated
by the slopes of the calibration curves, were similar in the
presence of hexane while the 5 nm nanoparticles responded
better to toluene. The response to polar analytes was smaller
for films of both MPCs due to the nonpolar nature of the pro-
tecting ligands. The
rent in the presence of polar vapors for the 2 um particle film
similar to the behavior observed previously by Wohltjen[?]
and Evans.®0! They attributed the increase in current to the
higher dielectric constant of the vapor analyte, which domi-
nated the response over film swelling. For instance, the 2 nm
film displayed a current increase in the presence of MeOH
and the usual current decrease in the presence of more hydro-
phobic vapors (propancl and butanol}. The anthors suggest
that this unusnal behavior depends on changes in hydropho-
bicity in the film, the type of organic linker, vapor loading,
film thickness, and to a lesser extent on the MPC size. The
correlation between core size and sensing was still unclear.
Recently, Wang et al. reported a chemiresistor sensor
array comprised of a film of linked and unlinked Au
MPCs.[*l Dithiol and MUA crosstinking were performed by
an exchanging-crosslinking-precipitation rounte and the film
asserabled via stamping procedure@ on a flexible polyeth-
vlene terepthalate (PET) substrate”! They studied the elec-
trical conductivity of monodispers@ mclcaptounde‘,anoic acid
(MUA)-, 1,9 nonanedithiol (NDT)-, and decanethiol (DT)-
coated Au nanoparticies of 2 and 7 nm diameter towards
the presence of benzene, hexane, toluene, and water. The
flexible platform proved to be telerant to multiple bending
cycles with little or no signal interference. The final response
of these films to VOCs correlates well with the combination
of particle size, dieleciric medium, and substrate-film inter-
action. A comparison between MUA-coated Au MPC films
of Z and 7 nm showed that the film of smailer nanoparticles
as slightly less responsive to all organic vapors except for
toluene; while polar vapors with large dielectric constant (i.e.,
water} displayed a negative response (resistance decrease).
The authors speculated that larger nanoparticles (lower per-
centage of organics) with higher initial conductivity may lead
to larger sensitivity to vapors of low dielectric constants. On
the other hand, an increase in dielectric constant at 2 nm
diameter nanoparticle films reversed the response direction.
Effect of Linker Chainlength: Vossmeyer and co-workers
prepared films of assembled Aun nanoparticies by sequential
dipping of the electrodes into solutions of C12NH, Au MPCs
and alkanedithiols of various chainlength (C6, C8, C12,
and C16). They demonstrated that the dithiols completely
replaced the CI12NH, ligands and that the chemiresistor
respounse increased exponentially with increasing organic
chainlength.l¥] Later, Zhong and co-workers prepared films
of C12S Au and AnAg MPCs that were assembled by a one-
step exchange-crosslinking-precipitation route with dithiols
of different chainlengths (C6, €9, Ci2, and C16} and moni-
tored their conductivity and vapor respounse upon exposure
to toluene, hexane, and benzene vapors."yl Their study con-
firmed the work of Vossmeyer, showing that the conduc-
tivity of films of nanoparticles decreased as the chainlength
of the Buker ligands increased and that the device sensitivity
increased with increasing interparticie distance (length of the

researchers observed an increase in cur-
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linker molecule}, showin the films can be fine-tuned at

)8
the molecular level.
Effect of Film Flexibility: The most common sensing
mechanism for the detection of VOCs with ilms of metal
MPC is the vapor-induced swelling mechanism, which leads
esistance increase in the film. Film fHexibility
gquently an important variable, since the ability of a film to
swell is closely related to its flexibility. While this is intuitively
important, several reports appeared in this field before it was
addressed experimentally. Murray and co-workers recoguized
the importance of flexibility in the sensing behavior of metal
iop-carboxylate linked An MPC films for VOC sdmmg'M‘
The results of Vossmeyer and Zhong describing the effect of
inker chainlength in VOU sensing as discussed in [he pre-
vious section is likely due in part to flexibility, but this vari-
able was not directly addressed in these early studies.

Our group directly studied the effect of film fexibility on
vVOC @ensing with films of Au MPCs by altering the degree of
dithiol cross-linking in microscale films of C6S Au MPCs and
measuring their chemiresistive response towards saturated
toluene and 2-propanol vapors.!l The devices were pre-
pared by microcontact printing the small MPC filrns between

a pair of electrodes. Cross-linking of these microscale films
was necessary for film stability. We cress-linked the filmas by
exposing them to hexanedithiol vapor for various amounts of
time, which led to Au MPC-{5-(CH,).—S|j-Au MPC linkages
in the film, prior to VOC sensing. The curreni-time plots in
Figure 7A show the response to saturated toluene for films
that were cross-linked by exposure to hexanedithiol vapor

ng that

o a is conse-

sma

for 1, 30, and 60 min. The data clear}y show that the respounse
to toluene dramatically decreases from 61% down to 8% as
the exposure time to dithiol vapors increases. We aitribute
the decrease in response 10 a reduction in film flexibility that
oceurs with a larger degree of cross-hinking with longer expo-
sure time to hexanedithiol. This report clearly demounstrated
the importance of film flexibility in chemiresistive
with orgapic-modified metal nanoparticles in a controlled
manner.

in a later study, Vossmeyer and co-workers elegantly
studied the effect of film flexibility for films of Au MPCs
assembled in a layer-by-layer fashion, where the filrn was
alternately exposed to a dithiol linker and CI2ZNH,-coated
An MPCs o build up the layers in the flm.P¥ The thicl
groups in the bifunctional linker easily displace the CIZNH,
to allow the assembly. They compared the conductivity and
chemiresisiive sensing properties of films prepared using
1,12-dodecanedithiol (DDT), {4}-staffane-3.3""-dithiol (SF4},
and 4,4 terpheayldithiol (TPT). The DDT 1s a Jong, flexible
linker while both SF4 and TPT are rigid linkers, with the latter
having a high conductivity due to delocalization of electrons
in the molecule. Figure 7B,C shows the chemiresistive and
quartz crystal microbalance (QCM) response of the three
filras exposed to 3000 ppm toluene, 4-methyl-2-pentanone,
1-propanocl, and water, which have dielectric constants of
2.4,13.1, 20.8, and 80.1, respectively, but similar vapor pres-
sures. The more flexible DDT-linked films responded with
the largest increase in resistance, which is the response direc-
tion expected for the vapor-induced swelling mechanism.

sensing
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Figure 7. A) Current—time plots show
to hexanedithiol during
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Interestingly, the SF4-linked film exhibited a decrease in
resistance and there was no change in resistance for the TPT-
linked film, despite the significant uptake of analyte observed
by QCM. The response of the DDT inked films increased
with decreasing dielectric constant of the vapor analyle, con-
sistent with greater mass uptake and film swelling when there
i1s a maich in polarity between the film and the analyte. In
the case of the rigid SF4-linked film, the response is domi-
nated by a change in the dielectric constant of the medium
surronnding the nanoparticles in the presence of the vapor
molecules since there is little or no vaporinduced swelling.
Accordingly, the resistance decreased with increasing die-
lectric constant of the analyte. The response to 4-methyl-2-
pentanone (=4%) was approximately three times larger than
the response to toluene at similar mass loadings in the film.
In the case of the rigid, highly conductive TPT-linked film,
there is no film swelling and the large conductance pegates
any potential effect from altering the dielectric constant of
the environment. This imoportant study clearly separated out
the swelling from the dielectric change mechanisms, con-
firmed film loading by QCM, and showed the importance of
linker rigidity. Tn addition, this paper demonstrated that the
electronic properties of highly conductive molecules are not
very sensitive to vapor phase analyte interactions, which is
somewhat analogous to the fact that highly conductive metal
nanowires are usually not as sensitive to their environment as
semiconductor nanowires.

Guo et al. prepared films of C88 Au MPCs and crosslinked
them with hexanedithiols and benzenedimethanethiol via
one-step exchange-cross-linking self assembling route.P%
Part of the as-synthesized Au MPCs were purified in a liquid-
solid chromatography column and the rest of the nanoparti-
cles were kept before crosslinking with dithiols. Purified and
as-prepared films were exposed to water, Tol, ethyl acetate,
IPA, EtOH, and acetonitrile for chemiresistive sensing. The

f. ]. Ibafiez and F. P. Zamborini

authors observed that as-prepared filus were more respon-
sive 10 tolnene than linked films following the order of €88 >
hexanedithiol > benzenedimethanethiol. In this report the
authors also observed that as-prepared films were less respon-
sive to all vapors tested and that the fim resistance changed
from an increase to a decrease 3s the relative bumidity con-
centration increased.™ They attributed this behavior to the
presence of ionic impurities coming from the tetraoctylam-
monium bromide (TOABr) residue wsually present in the
Brust-Schiffrin two-phase synthesis.

More recently, Toda et al. studied vapor-induced swelling
as determined by monitoring the mechanical deflections of
a cantilever coated with an Au MPC flm.*3 The films were
assemnbled via layer-by-layer deposition of C12NH,-coated
Aun MPCs using terphenyldithiol (TPT) as a cross-linker onto
1} a bare Au-coated cantilever and 2} a 3-aminopropyldimeth-
viethoxysilane {APDMES}-coated cantilever and expose
both filios to toluene vapors. They found that the transduction
of swelling into a mechanical deflection was more pronounces
on Au MPC films deposited on the APDMES-functionalized
cantilever as compared to those deposited on the Au-coated
cantilever. The authors suggest that the weaker interaction at
the Au MPC/APDMES interface allows more mobility com-
pared to the stronger, covalently-linked Au MPC/TPT/Aun
film interface. While this study does not involve chemiresis-
tive sensing, it shines light on the importance of the film/sub-
strate interface in vapor-induced film swelling.

Effect of Film Thickness and Structure: Vossmeyer and co-
workers studied the influence of both film thickness and struc-
ture on the vapor response of dithiol-linked Au nanoparticle
flms.1%! The cartoon in Figure 8 illustrates the layer-by-layer
deposition of Au nanoparticles with 1,12-dodecanedithiol
(DDT) as described previously and the corresponding
I-V characteristics before assembly (a), at an intermediate
stage in the assembly (b), and after the film surpasses the

B
12 4-methyl-2- 1-propano waler
0 pentanone 2
4
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Figure 8. Model for film growth: a) island nucleation and growth, b} before and ¢} after the percolation threshold. /-V curves showing the different

stages from nonconductive to conductive films are to the right, response profiles of the films exposed to 5000 ppm of toluene, 1-propanoi,

4-methyl-2-pentanone, and water with the indicated number of cycles are shown below. The response profiles move from negative to positive
(AR/R,.) values as the number of cycles increases. Reproduced with permission.¢)
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percolation threshold (¢). The top illustration in Figure 8
depicts two spherical nanoparticles coated with an organic
material, resembling a circuit of a capacitor in parallel with
a resistor. As discussed in Section 4, the stabilizer acts as the
dielectric medium and the nanoparticles as the plates i the
capacitor. As the film grows thicker, the distance between
islands becomes smuall enough to allow electron trausport. If
the nanoparticle capacitance is sufficiently low that the elec-
tron (rausport barrier height is larger than 47, then coulomb
blockade or staircase behavior may be observed as repre-
sented by steps or a single plateau in the /~V curve. As the
film grows even thicker, the inter-island distance decreases
further and the number of pathways increases, leading to
more ohmic behavior as represented by a linear I-V curve.
The bottom part of Figure 8§ shows the response of films
with different thicknesses, as contrelled by the number of
nanoparticle deposition cycles, following exposure to toluene,
4-methyl-2-pentanone, I-propanol, and water. The respoase
trend changes from a ance decrease)
to a positive response (resistance increase) as the number of
deposition cycles increases and the film becomes thicker. At
fow coverage (island-like film) the authors suggest that the
decrease in resistance is due to swelling of the film which
somehow leads to a reduction 1n the distance between islands.
A decrease in resistance occurred even when the film was
exposed to toluene, whose permittivity value (2.38) is similar
to the linker (2.01), ruling out the possibility of changes in
the dielectric causing the resistance decrease. Isiand-like films
before reaching the percolation threshold (Figure 8b) swell
in all directions (except towards the substrate) leading to a
reduced space between islands and therefore improved con-
ductivity in the presence of vapors. On the other hand, thicker
3D films swell normal to the plane of the substrate leading
to an increased resistance due to the increased separation
between nanoparticles. This in part explains the resistance
increase in the presence of polar and nonpolar vapors for
thicker films. The authors conclude that structure and thick-
ness of the film play a crucial role in the sensing mechanism.

Zhong and co-workers examined the effect of film thick-
ness on vapor sorption for films of C12§ Au MPCs linked with
1,9-nonanedithiol by cross-linking precipitation.™! They used
a QCM and resistance measurements to test the film response
towards hexane vapor. They prepared 7-22.2 equivalent layer
films and observed small changes in resistance sensitivity and
equency sensitivity. The resistance sensitivity increased by
factor of 1.3 from 7 to =16 layers while frequency changes
mass) exhibited an increase by a factor of 2.5 up to 9 equiva-
ent layers. The authors concluded that at about 8 equivalent
ayers, the vapor might not further penetrate the film, indi-
cating that the resistance change sensitivity is insignificant
once the film reaches a certain thickness. The different result
compared to Vossmueyer and co-workers is likely duoe to the
fact that the filmas were all above the percolation threshold in
this study.

negative response (resist
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6.2.2. Metal lon—-Carboxylate Linkages

Murray and co-workers studied chemiresistive films of
Au MPCs protected with a mixed monolayer of alkanethi-
olates and carboxylic acid functionalized alkanethiolates that
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were linked together in the film by a network of carboxy-
late-M""—carboxylate bridges, where M™ was Cu?', Zn*,
Ag', or methyl viclogen.[**] These network polymer films
exhibited a decrease in current in the presence of ethanol
and dichloromethane vapors!®™ The current response 1o
dichloromethane was the smallest for films linked with Ag"
compared to those linked with Zn?" and Cu®' ions. The
attributed the smaller response of films linked with Ag* 1,0
short core-to-core distances as confimed by larger initial
conductivity and profilometry measurements.*! The condnc-
tivity and chemiresistive response {or films comprised of Au
MPCs finked by carboxylate-Cu?'-carboxylate bridges with
different chainlengths in the alkanethiolate ligands and in the
COOH-functionalized ligands showed different chainlength-
dependent conductivity and vapor sensing characteristics as
discussed in the next se H

ction.!

Effect of Film Chain Length: Zamborini et al pre-
pared films of Au MPCs protected with mixed monolayers
of alkanethiolate ([S—(CH,),~CH,}, denoted C(n+1}} and
w-carboxylic acid alkanethiolate [S—(CH,), ~COOH] ligands
through a layer-by-layer procedure resulting in MPCs linked
by carboxylate-Cu®'—carboxylate bridges[*! They synthe-
sized pure alkanethiolate-coated Au MPCs of varying chain-
length {C4, C6, C8, C10, and C12) first and performed a place
exchange reaction between the n-alkanecthiolates initially
surrounding the clusiers and w-carboxylic acid alkanethi-
olates to form the mixed monolayer MPCs, which were on
average 1.6 nm in diameter and contained 15-20 m—ca"boxyl;”
acid alkanethiolate ligands out of a total of about 53 lig-
ands. The COOH-terminated thiols studied were mercap-
tohexaneic acid (MHA), mercaptoundecanoic acid (MUA},
and mercaptohexadecanocic acid (MHDA). The magnitude
of the conductivity change of these films in the presence of
EtOH and dichloromethane depended on the number of
methylene groups in the alkanethiolate (n = 3,547 9,11) and
in the w-carboxylic acid alkanethiolate {m = 5,15,15} lig-
ands."] Figure 9 shows the device current and the QCM as
a function of time for a film of C6/MUA Au MPCs in the
presence of alternating flow of pure N, and different con-
centrations of EtOH in N, carrier gas. The current decrease
in the presence of EtOH due to film swelling correlates with
the mass increase in the film as EtOH partitions into the
film. The magnitude of the current and mass response was
proportional to the EtOH concentration {or partial pres-
sure). Table 3 shows the response in terms of percent current
change (%Al), QCM frequency change (-Af, Hz), amount of
EtOH absorbed (nmol}. response time based on 90% of the
current response, and QCM response time (s) for several dif-
ferent films of MPCs coated with the different combinations
of alkanethiolates (nonlinker ligand) and @-carboxylic acid
alkanethiolates (linker ligand) upon exposure to saturated
EtOH vapor. One can conclude from the table that the %A/
correlates well with the mass loading values measured for C4/
MUA, C6/MUA, and C1O/MUA. Also, the magnitude of the
response was largest for the films of MPCs with the largest
difference in chainlength between the nou-linker and linker
Iigands. For \,xamp'“ the film of C4/MHDA Au MPCs {(dif-
ference of 12 carbons) exhibited an 83% current decrease,
whereas the film of C4/MHA Aun MPCs (different of 2
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Figure 9. A) Current-time and B) QUM plots showing changes in current
and frequency, respectively of a C6 MUA film exposed ic different
ethanol vapor concentrations. Reproduced with permission. 144

carbons) exhibited a 51% current decrease in the presence
of equal concentrations of EtOH. The larger response for the
biggest chainlength mismatch was likely due to a more open
structure for ethanol partitioning and greater film fexibility.

Table 3. Response of network nanoparticle films to saturated {7.9 kPa}
ethanol vapor. Note: 11-mercaptoundecanoic acid = MUA, 6-mercap-
tohexadecanoic acid = MHA, 16-mercapichexadecanocic acid = MHDA.
Reproduced with permission.i44

MPC Film YoAi -Af {Hz] Ethanol  AjResponse QCM
Absorbed Time [s} Respense
[nmol}? Time (s}

C4/MUA 72 150 65 47 192
Ca/MUA 75 156 68 8

C10/MUA 339 100 43 139 168
C4/MHA 519 na na ob na
C4/MHDA 839 na na 79 na

ACalculated from the Saurbrey eguation, assuming absenice of viscoeleastic effects. The
change in volume upon partitioning of ethanol vaper is estimsted to be <5%. Viscoelastic
effects, expected to be negligible with these films at low vapor pressuras, witl be explored

further in a subseguent report dedicated Lo vapor response; MCbtained in a different flow cell.
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6.2.3. Dendrimer-Linked Au Nanoparticles

Vossmeyer and co-workers studied the chemiresistive
response of films of Au nanoparticles linked together with
various dendrimers of different chemical composition and
generation 34097 They prepared the films by first
synthesizing dodecylamine-stabilized Au MPCs and then
asserubling the films in a layer-by-layer fashion by repeated
deposition cycles involving dipping the electrode sob-
strate into alternating solotions of the MPCs and disulfide
polyphenylene (PPh), polyamidoamine (PAMAM), and
poly(propyleneimine) (PPY) dendrimers. Exposure of a den-
drimer-coated surface to the Au MPCs results in attachment
of the Au MPCs to the peripheral groups of the dendrimers
ange of the CI2NH, ligands with the dendrimer.
Subsequent exposure {0 a dendrimer solution leads to depo-
sition of dendrimer onto the MPCs again by the dendrimer
replacing the C12NH, ligands on the Au MPCs. Countinuing
this process leads to maultilayer (Au nanoparticle/dendrimer),
films. The films have good mechanical stability with a large
number of active sites for analyte interaction due to the
presence of the dendrimers.t*! Figare 18 shows the response
profile of films of Au/PPh, Av/PPL, and Au/PAMAM exposed
to toluene, t-propancl, and water vapors. The selectivity cor-
relates well with the polarity of the films and analyte, where
the nonpolar PPh and PPI dendrimer films respond best
to the nonpolar 1-propanol and toluene vapors, while the
film with the polar PAMAM dendrimers responded best to

146}

by exc

water.

6.2.4. Chemically Linked Films of Other Metal Nanoparticles

An is by far the most coromon chemically modified metal
nanoparticle used in chemiresistive sensing applications.
There are a few reports involving filus of metal nanoparti-
cles different than Au, however, it is not well-known if the
metal composition plays a role in the sensing attributes or
if it just acts as a conductive medium for electron transport.
Vossmeyer and co-workers!'’l synthesized C12NH, Pt and
Au nanoparticles linked with 1,9-nonanedithiol and exposed
them both to the same concentration of water and toluene
vapor. They explored the possibie binding sites of the vapor
analytes on the MPCs. They observed qualitatively that the
films responded by an increase in resistance for all vapors
but surprisingly, the Pt-containing film responded 2-8 times
more than Au, implying that the metal composition does
plays an important role, although the details are not well
undersicod.

Zhong and co-workers fabricated sensor arrays consisting
of films of C128 Au and C12S AuAg alioy MPCs with con-
trolled spatial properties and thickness.!"”! The researchers
controlled the spacing between the MPCs and the film
thickness by controlling the length of the alkyl mediators
(X—(CH,),~X) and the number of deposition cycles, respec-
tively as discussed above. They believe that the interparticle
chain—chain cohesive interdigitation and chain—vapor interac-
tion determines the relative change of electrical conductivity
of the film. However, it was difficult to draw conclusions
about the role of metal composition on the chemiresistive
atiributes.
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Figure 10. Average percent response to toluene, 1-propanci, and water
for dendrimer-coated Au naneoparticie films of i) Au/PPh, i) Au/PPI, and
i)} Au/PAMAM. Reproduced with permission.®

6.3. Patterned 3D Films of Metal Nanoparticles

Miniaturization of MPC films down to the micro-
and nanoscale is important for practical reasons, such as
increased portability for ficld testing, detection in highly
confined regions, reduced cost, and the fact that multiple
sensors could be fabricated on one device for pattern recog-
nition analysis or mulitianalyte detection. Fundamentally, it
is also interesting to study the sensing properties of smaller
films compared to larger films to determine if the proper-
ties change with size reduction. There are five reports that
explore the miniaturization of MPC films for chemiresistive
vapor sensing, 3334417879

Harnack ct al. explored the chemiresistive sensing of
small films of C1ZNH, Au MPC films cross-linked with 1,9
nonanedithiol and compared it to larger films of the same
MPCs.[”® To reduce the size of the film, they used conven-
tional photolithography techniques based on a water-soluble
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@
A o 2 g g
{3 s g 5
401 B £ : £
] = %’} §
3] =N\ 2 s NE
e 3 3 g
3.0 & = 3 5
1 g = a =
T 25 o -
& 2.0 -
[ ‘ =
<1 1.5 o
1.07
0.57 g §
Non-patterned CaO patterned
=y ® Drop cast Au MPCs film {m = 0.78)
=3 . ) .
T 40.0 o Microstamped Au MPC lines
TE exposed to 1 min dithiol vapor
S
3 00 {m = 0.52)
@
@
<
2 2007
@
@
o
£ 10.0
@
5
0.0 ' ; ; ‘ ’
G 0.0 10.0 20.0 30.0 40.0 50.0
P/P, * 100

Figure 11. A) Average percenl response piot for pallerned and
nonpattemed films upon 2500 ppm at the indicated vapors. B) Slopes
of a large drop-coated and microlines of C6S Au MPCs taken form the
exposure of the films to iPA at the indicated concentrations {Zamborini’s
group, unpublished resuits). Reproduced with permission.l’8

mask. Briefly, they deposited a thin Ca laver on top of the Si
substrate followed by oxidation of Ca to Ca0 and Ca(OH),,
which constitutes the water soluble mask. They then spun a
photoresist on top of the mask and patterned it using photo-
lithography or electron-beam lithography. The unprotected
mask areas were etched away by adding H,SO, and the
resist layer was removed with acetone without affecting the
water soluble mask. Finally, the substrate was coated with
silane groups, which preferentially bind to the Si/Si0, part
of the wafer. Deposition of the nanoparticles then was per-
formed and the mask dissolved away leaving behind patterns
as small as =30 pm. Figure 11A shows the percent response
for patterned microscale films and non-patterned larger films
averaged from twelve and six films, respectively, upon expo-
sure to 2500 ppm of the various vapors as indicated. From
the figure, one can conclude that there is no apparent dif-
ference in percent resistance between patterned and nonpat-
terned films.

Ibafiez et al. fabricated microscale films of C68 Au
MPCs by microcontact printing.!"!l Briefly, a patterned
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polydimethylsiloxane {(PDMS) stamp with featured lines
was inked with a solution of €68 Au MPCs, allowed to dry
for a few minutes, and brought into conformal contact with
3 solid substrate containing two electrodes separated by
1 um. Removal of the MPC inked PDMS stamp left behind
a patterned film of MPCs with { sizes corresponding
to the stamp features. We observed that microscale films of
MPCs were unstable in the presence of saturated vapors of
solvents that they are soluble in, such as toluene. This led
to distortion of the patterned microfilbus and the loss of a
conductive pathway. To improve stability, we crosslinked
the films by exposure to hexanedithiol vapor for 1, 15, or
30 min. Figure 11B shows the slopes of a microstamped
filra stabilized by 1 min hexanedithiol exposure and a large
drop-coated C6S Au MPC film measured from the percent
respoase of the film in the presence of IPA vapor of dif-
ferent concentrations as noted. The sensitivity of the micro-
filra is Jower compared to the large film because it had to be
cross-linked with the hexanedithiol for 1 min for stability
(vide supra). This increased the filn rigidity and slightly
lowered the sensitivity, but it is necessary since nonlinked
raicroscale films became irreversibly distorted and lost con-
ductivity. Overall, the sensing behavior of microscale films
with minimal C“O‘i‘;—]i!lki(‘-g is comparable to that of larger
films as shown in Figure 11.

Raguse et al. inkjet-printed films of €658 MPCs for
detecting organic analytes dissolved in ionically conductive
electrolyte solution.!” The small size films were assem-
bled in order to reduce the double layer capacitance and
measure impedance through the film as discussed later in
Section 7.

Zellers and co-workers studied the
vapor response of miniaturized films ranging from 0.001 to
1.7 mm?P¥ The smalier devices displayed faster response
times without loss of sensitivity and the authors projected
that the low limits of detection (ppb range) observed for low
vapor pressure analytes on larger sensors should be similar
on miniaturized sensors. The same group later reported the
fabrication of the smallest chemiresistive vapor sensor based
on films of Au MPCs prepared by electron beam induced
cross-linking.*! These devices responded fast and reversibly
to very small samples of analyte with similar sensitivities as
larger devices, showing their promise in microanalysis sys-
tems, such as pGC. However, the authors did not discuss the
effect that crosslinking may have on film flexibility and vapor
response.

feature

chemiresistive

6.4. 2D Nanoparticle Films

Hanwell ¢t al. prepared Langmuir-Schaeffer films com-
prised of two or more monolayers thick of thiol-coated Au
MPCs for studying the conductivity of the film as a function
of temperature and determining the vapor and gas sensing
properties.5? They exarmined 21D Au nanoparticle films fune-
tionalized with 1-hexanethiol, 1-dodecanethiol, and 4-meth-
ylbenzenethiol and exposed them to small concentrations of
toluene (1.0 ppt). They observed that €105 Au MPC films dis-
plaved no de current, presumably due to the long chainlength

© 2612 Witey-VCH Verlag Gm
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and the low film coverage iphibiting electron tansport
through the film.[%! For that reason, the authors used CaS An
MPC films 8 h.y“rs thick to be able (o obtain direct current
and perform the experiments. The response to toluene was
more pronounced for Au nanoparticles coated with aromatic
thiols than alkanethiols, indicating the importance of the
monolayer functionalization on the sensor response. Finally,
the conductivity of the film always decreased in the presence
of toluene indicating that swelling of the film was the domi-
nant mechanism.

6.5, Individual Nanoparticles

There is one example in the literature describing the
single eclectron tunneling (SET) of solid-state individual
nanoparticles for vapor semsing. Chen and co-workerst
recently conducted scanning tunneling spectroscopy (STS)
experiments in combination with scanning tunneling micro-
scopy (STM) on single organic-coated nanoparticles of var-
ious sizes and exposed them to hexane, toluene, ethyl ether,
chloroform, dichloromethane, and acetone. They immobi-
hized €68 Au MPCs onto a SAM-modified Ao surface and
imaged it with a Pt/Ir tip scanning on top of the MPCs. They
analyzed changes in the particle charging energy and the
charge transport across the tip/particie/substrate for different
particles sizes in the presence of VOCs. Figare 12 shows the
Coulomb blockade and Coulomb staircase phenomenon for
nanoparticles of 3.2, 6.3, and 11.8 nm diameter in the pres-
ence of N, and allernating concentrations of hexane as mndi-
sated. They also performed the control experiment without
nanoparticles for comparison. As described in Section 4,
when a bias is applied across a nanoparticle junction, if the
capacitance of the nanoparticle is small and the charging
energy (¢%/2C ) is larger than k7, then the -V curve exhibits
Coulomb blockade behavior. It is clear from the figure that
the Coulomb gap is a function of the nancparticle size and
the dielectric medium, where changes 1o the latter are due to
vapors partitioning into the juaction. For igstance, a junction
formed with a small nanoparticie (=3 nn dia.} exhibited a
relatively large Coulomb blockade which slighlty increased
in the presence of organic vapors. In contrast, large nano-
particles (11.8 nm diameter) exhibited higher conductivity
and staircase behavior that was not modified significantly by
vapors. Intermediate-sized MPCs (6.3 am diameter) were the
most respensive to the presence of vapors leading to a wider
Coulomb blockade gap (voltage width) as the vapor concen-
tration increased and as the vapor polarity decreased. Since
the intermediate-size nanoparticle was the most responsive,
researchers exposed the 6.3 nm particle to different vapors in
order to study the changes in the dieleciric medium. A close
examination of the intermediate nanoparticles indicated
that that they were more responsive to nonpolar vapors
compared to polar ones. The authors suggest that there
are swelling effects when the vapor penctrates the organic
monolaver and SAM, leading to changes in resistance and
organic chain structure. These two variables may impact the
impedance measurements leading to a wider Coulomb gap
in the presence of nonpolar organic vapors as compared to
polar vapors.

-t
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Figure 12. a,b,c} STS of single hexanethici-coated Au naneparticles of different sizes exposed to various concentrations of hexane solvent as noted

and d) control experiment. Reproduced with permission.°3!

7. Chemiresistive Sensing of Gases

7.1. Drop-Coated 3D Films of Metal Nanoparticles

7.1.1. Organomercaptan-Coated Nanoparticles

Our group studied the chen‘irésistiv-ﬁ sensing of H, gas
with films of C6S Pd MPCs.!?! It has been well-established
that Pd metal can react directly wnth H, to form PdH,. The
H-H bond first dissociates and adsorbs onto the Pd surface
and then the H atoms can diffuse into the bulk Pd lattice.
This leads to a volume expansion, larger lattice constant, and
decrease in conductivity for bulk films. For films of separated
Pd nanoparticles or disconnected Pd panowires,[® the volome
expansion can lead to a more connected film with an increase
in the conductivity,. We initially studied the conductivity
response of films of C68 Pd MPCs 1o H, gas. Films of C6S Pd
MPCs were {airly nonresponsive in the presence of H,, likely
due to the thiols blocking the Pd surface, preventing inlerac-
tion with the H, gas. These films exhibited very small, irre-
sroducible and irreversible increases and were
deemed unsuitable for sensing applications. Subjecting the
films to ozone or high temperature treatment promoted the

conductance
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Pd-H reaction through partial desorption of the C6S monol-
ayer, These treatments eventually led to a sensitive and stable
H, sensor, but with a different response. Ozone treatment fol-
lowed by exposure 1o 100% H, led to a fast and reversible
increase in current for concentrations as low as 1100 ppm H,.
Temperature treatment led to a current increase or decrease,
dspendinﬁ on the ternperatore. High-temperature treatments

(260 °C) produced a continuous Pd film mostly absent of
orgdnm materials and with no Pd discontinuities, resulting in
a decrease in current as expected for a typical bulk Pd film.
Low-temperature treatments led to partial monolayer desorp-
tion and a film with a considerable number of discontinuities
{or break junctions). In the presence of H,, the Pd expands in
volume, reducing the number of discontinuities and increasing
the conductivity. Despite the inconvenience of performing
pretreatraents to the filin, all the sensors reported were sensi-
tive to H, well below the explosive limit of 4%.

Hanwell et al. prepared Langmuir—Schaeffer 20 Au
films comaprised of C12§, C6S, and 4- methv]benzeneihiol
MP(s for chemiresistive sensing of NO, gas[? C12S Au
MPCs displayed a high film resistance above the limit of
the instrument. The authors observed that C6S- and 4-meth-
yibenzenethiol-coated nanoparticle films were responsive
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to small concentrations of N, indicated by an increase in
conductivity. The film of 068 An MPCs displayed reversible,
reproducible, and stable current changes in the presence of
1 ppm NGO, at room temperature. The lowest detection limit
achieved was below .5 ppru. The authors speculated that the
inerease in conductivity may be produced by changes in per-
nittivity when gas molecules partition into the film.

7.1.2. Alkylamine-Coated Nanoparticles

Inordertoimprove thereactivity between organic-modified
Pd nanoparticles and H, and avoid the inconvenient pre-
treatment steps described for C68 Pd MPCs {ozone or tem-
perature), our group synthesized various amine-coated Pd
MPCs, including those coated with octylamines {C8NH,).
dodecylamines (CIZNH,), and hexa- and octadecylamines
(C16-C18NH, ). The films were immediately reactive and
sensitive towards the presence of H, gas at various concen-
trations after some conditioning steps. All the films were
conditioned with saturated H, before the sensors became
fully operational. Films of C8NH, and CIZNH, Pd MPCs
displayed large 3-4 order-of-magnitude increases in current
in the presence of 100% H, during conditioning. Once the
baseline reached a stable 107107 A current level, the films
responded by exhibiting a decrease in current in the presence

of H, as expected for bulk, highly conductive Pd films. Films
of C1ZNH, MPCs displayed a current initially around the

107 A level and responded to H, with an increase in current.
The low conductivity suggests that the filn contained well-
separated Pd nanoparticles and we attributed the increase
in current to a decrease in the edge-to-edge separation upon
volome inecrease of the Pd metal in the film as it formed
PdH,. The conductivity of this film eventually increased to
the 107* or 107 A level over time and showed the behavior
of a bulk Pd fila. We observed that the kinetics of H, reac-
tivity decreased as the chainlength increased, counsistent with
a blocking effect that the organic material may impose. For
instance, C16-18NEH, Pd MPCs displayed no increase in cur-
rent after 100% X, for several minutes. The best films of
alkylamine-coated Pd MPCs generally detected H, down to
the 800 ppm level.

7.1.3. Mixed Alkylamine- and Organomercapian-Coated
Naroparticies

More recently our group synthesized a mixed monol-
ayer of octylamine {(C8NH,)- and hexanethiol (C65)-coated
Pd nanoparticles by performing lguid-phase place exchange
of the amines with thicls in a controlled manner.’® The Pd
MPCs are in the form of Pdgo{C68)9, or Pagol CNEL )77,
(C68),, where x was varied to be 0,3, 10,16,32, or 81 by the syn-
thesis of pure C8NIL, Pd MPCs and subsequent liquid-phase
place exchange with 2 varied amount of C6SH. Amme-coated
MPCs as discussed in the previous section readily reacted with
H, gas leading to large morphology changes and long activa-
tion times while thiol-coated MPCs reacted minimally and irre-
versibly. The optimal nuuber of RSH ligands for this study was
mn the range of x = 32-81, which exhibited high reactivity to H,,
little morphology changes or aggregation, and stable, reversibl
responses to H, concentrations between 9.0 and 0.3%,

@© 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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7.1.4. Surfactant-Coated Nanoparticles

Qur group also investigated chemiresistive H, sensing
with tetraoctylammonium bromide (TOABr)-stabilized Pd
nanoparticies.D’] We synthesized these Pd nanoparticles
by borohydride reduction of PACL? in the presence of the
TOABr surfactant in toluene. The TOABr acts as a stabi-
hizer, rather than as a protective monolayer, since it is in large
excess in solution beyond the amount needed {or one mono-
layer. These nanoparticles would not be stable with only
a single monolayer coating of TOABr because of its weak
affinity for Pd relative to thiolates. As-prepared films showed
low baseline currents dve to the large excess of TOABr in
the film after drop-cast deposition. However, the films were
readily sensitive (o the presence of H, down to the concen-
tration of 0.11% (1100 ppm} with no pretreatment or con-
ditioning steps. The film responded to H, by an increase in
conductivity, but the sensing mechanism is not well under-
stood at this time.

7.1.5. DNA-Coated Nanoparticles

Hatakeyama et al. recently synthesized bare Pd nano-
particles and Pd nanoparticles embedded in DNA by using a
combination of metallization and DNA compaction.[’] Mor-
phology changes were due to variations in the DNA strand
conformation when the backbone cations complex with the
Pd ions, causing a transition from a coil to a compact struc-
ture, These hybrid films were dried on top of glass in between
a pair of electrodes to compare their chemiresistive sensing
properties in the presence of low concentrations of H,. Bare
Pd was obtained by reducing Pd** to Pd’ with ascorbic acid
while DNA-compacted Pd clusters were synthesized using
ascorbic acid and NaBH,. Figure 13A shows a chemiresis-
tive response of bare Pd (citrate coated) and DNA-protected
Pd nancparticles upon exposure to 0.1 and 1% 1, concen-
tration. The bare Pd lms were highly conductive and kept
increasing in current irreversibly when exposed to 1% H,
(top figure). In contrast, the DNA-coated Pd nanoparticles
show low, stable, and reversible current responses to 1% and
0.1% (small response peaks) I, concentration. The figure
clearly shows that films of DNA-coated Pd clusters readily
react with H, and are capable of detecting down to 1000 ppm
H,. The authors attributed the increase in current to volume
expansion caused by the formation of PdH, and a shortened
PdH,-PdH, distance. DNA-coated Pd clusters synthesized
using borohydride were less sensitive to H, probably due to
the formation of a less homogenous filr as corapared to those
Pd clusters reduced with ascorbic acid. The authors suggest
that filmy homogeneity plays a role in the volume contraction—
expansion behavior and accordingly affects sensitivity.

7.1.6. Other Drop-Coated Metal and Alloy Nanoparticle Films

We synthesized TOABrprotected PdAg and amine-
coated PdAg and PdAu alloy MPCs of various chainlength
(C8, C12, C14, C16) for sensing H, gas[®] Films of C8NH,
PdAg MPCs (10:1 Pd:Ag ratio) exhibited high sensitivity, a
low limit of detection, excellent stability, fast response, and
short conditioning time to reach stable sensing behavior
as shown in Figure 13B (top-plot). Films of C8NH, PdAu

smull 2012, 8 No. 2, 174-202
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Figure 13. A} Current response for Pd nanoparticles synthesized with ascorbic acid and without DNA {top-left panel), with ascorbic acid and DNA
{middle-left panel}, and with NaBH, and DNA (bottom-left panel) exposed to H, from 1% lo 0.1% {small response peaks at the middle-left figure)
concentration and B} current—-time plots for CBNH, PdAg (top-right panel), C12NH, PdAu {middie-right panel), and TOABr-coated PdAg (bottom-right

panel} nanoparticle films exposed to H, concentrations as noted. Reproduced with permissi

~

alloy MPCs showed a very large and irreversible 7 order-
of-magnitude increase in current during condifioning in H,
and were not useful for sensing (not shown here). Films com-
prised of CS8NH,- and CiZNH,-coated PdAg and PdAu alloy
MPCs reacted with 100% H, leading initially to an irrevers-
ible increase in current and then showing stable, reversible
changes in the presence of H, concentrations from 9.6 to
0.08% as indicated in Figure 13B (middie-plot). Comparing
films of C8NH, PdAg MPCs with those of C8NH, Pd MPCs,
the presence of Ag led to lower currents (1078-10"7 A) due to
greater stability, a current increase in the presence of H,, and
a slightly higher percent response. Interestingly, less than 10%
Ag in the nanoparticie led to very low currents {16° A) after
conditioning in 100% H,, whereas films of C8NH, Pd (no Ag)
exhibited currents on the 107 A level after conditioning in
100% H,. Fourier-transform infrared (FI-IR) and AFM data
showed that the latter films exhibit a greater loss of C8NH,
ligands and greater change in film morphology after condi-
ioning. The small amount of Ag clearly improved C8NH,
binding, which prevented large film morphology changes
or nanoparticle aggregation. This led to the lower currents.
Importantly, while C8NIL, binds more tightly and remains on
the MPCs, the H, still readily reacts with the MPCs and causes
a conductivity change. Films of TOABr-coated PdAg alloy
nanoparticles readily reacted with I, leading to reversible
current increases from .11 to 9.6% H, with no pretreatment

e

s
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or conditioning, as shown in Figure 13B {bottom-piot). These
experiments reveal the importance of the metal and coating
compositions and the benefits of alloying.

7.2. Chemically-Linked Films of Metal Nanoparticies

Joseph et al¥’l prepared films of CI2NH, Pt and Au
MPCs via layer-by-layer self assembly with 1,9-nonanedithiol
and exposed the films to ammonia (NH,), carbon monoxide
{CO) gas, and other vapors as discussed in Section 6. They
noticed that film resistance increased in the presence of the
gases and that gas analytes bind stronger to the metal core
relative to vapors, based on the curvature of the response
isotherms and the three orders of magnitude longer resi-
dence time of the analyte in the film. This evidence led the
researchers to conclude that gas analytes preferentially bind
to vacant sites on the metal core while vapor analytes interact
more with the organic material in the film, consistent with the
swelling mechanism and increase in film resistance. However,
the increase in resistance observed for NH; and CO gas ana-
Iytes still remains unclear.

Murray and co-workers studied electron transport and
response to CO, as a function of the mixed valence state
of small phenyl ethanethiol {(-SC2Ph)- aund poly(ethylene
giycol)-coated Any, MPCs P Mixed valent flms of Auyg MPCs
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Figure 14. Conductivity (o) dependence on CO, pressure for mixed-

valent Ausg nanoparticle films. Repreduced with permission.'*

were obtained by bulk clectrolysis of solutions containing the
nanoparticles. By controlling the potential, they controlled the
ratio of Aus’ and Auy, 't and then assembled them as films by
drop-cast deposition onto an IDA of electrodes without the
nanoparticies losing their charge states.!”®! The authors then
exposed the films to an increasing conceniration of CO, as
shown in Figure 14. The data show that the baseline conduc-
tivity in the absence of CO, increases with increasing percent
valency from 1% to 42%, consistent with the authors’ previous
work 2 Also, as the CO, pressure increased, the conductivity
of the film increased for those with a low percentage of +1
ence and decreased for those with a higher percentage of
valence nanoparticles. Interestingly, the conductivity of
s of 22% Ax,},fl slightly decreased with increasing CO,,
avhed a plateay, and then finally increased. Based on the
results, the authors proposed that there is a tradeoff between
local thermal motions leading to a conductivity increase and
constraint in the local mobility of the nanoparticles leading to
a conductivity decrease. The latter is due to electrostatic inter-
actions between +1 charged MPCs and their counterions.
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8. Chemiresistive Sensing in Liquids

8.1. Sensing Organics in Water

Raguse et al. prepared films of C65 Au MPCs for detecting

organic analyte dissolved in ionically conductive el-ﬁctrolyh
solation.” In order 1o measure the conductivity changes,
or impedance, through the film of MPCs and not through
the electrolyte solotion, the film was miniatunzed by inkjet
printing of the An nanoparticles onto photohithographically
patterned microelectrodes. MPCs assembled into films can be
considered as a circuit comprised of capacitors and resistors
and represented in terms of impedance {Z) through the fol-
lowing equation:!10%

VA TN
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Figure 5. Impedance measurements for a film comprised of €65
Au MPCs immersed in KU solution and exposed to dichloromethane
dissolved in the electrolyte solution at the indicated concentrations.
Reproduced with permission. [

where 7 is the imaginary unit, e the angular
the double-layer capacitance, R
and R; the nanoparticle film resistance. According to the
above equation, inverse impedance is related to the sum of
the inverse of film resistance, electrolyle resistance, and
double layer capacitance, where the latier term depends on
the distance between the particles, the material between
the metallic cores, and the geometry of the electrode. If the
operating frequency, film size, and electrode gap are mini-
mized, then the first two terms in Equation 9 become negli-
gible and the impedance becomes equal to the film resistance
(R;). Figure 15 shows an impedance-time plot for a film of
C6S MPCs exposed to 20, 158, 400, and 1600 ppm dichlo-
romethane dissolved in 1 M KCI solution. The Figare indi-
cates that the film impedance increased relatively fast in the
presence of dichloromethane, changed slowly to reach equi-
librinrm, and then returned immediately to the baseline ia the
absence of the analyte. The authors demonstrated that C6S
Au MPC films detected down to 0.1 ppm of toluene, which
is below the limit established by the World Health Organiza-
tion. The authors concluded that C6S Au MPC films have a
higher affinity for nonpolar vapors than pelar vapors as indi-
cated by the sensitivity response trend of toluene > dichlo-
romethane > ethanol.

Following this work, Chow et al. compared the chemire-
sistive response of inkjet-printed films of different size and
shape to small organic molecules, such as toluene, dichlo-
romethane, and ethanol dissolved in electrolyie solution. !t
They demonsirated that the film uniformity can be improved
by inking the film of MPCs from a mixture of N-methyl-2-
pyrrolidone and water in a two-solvent system. The response
time and scns;tlwty of coffee-ring and fiat films were similar
in the presence of organic analytes, indicating that the shape

frequency, Cy
the solution resistance,
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and thickness had no effect on the sensing performance.
However, when both films were exposed 1o a more hydro-
phobic analyte (octane), the response time for fiat films was
five times faster than the coffee-ring, showing that there is a
relationship between the kinetics and the film morphology/
thickness.

More recently, the same group compared hydrophobic
and hydrophilic chemiresistive films to nonpolar and polar
analytes[ They found that films of MPCs coated with a
mixed monolayer of hydroxyl-hexanethiolate and hexanethi-
olate and 4-mercaptophenol and hexanethiolale readily
responded to polar and nonpolar analytes in agoeous solu-
tion. Consistent with the film—vapor affinity, the sensitivity to
polar liguids (i.e., EtOH) was best when sensing with films
of MPCs coated with hydroxyl-hexanethiolate. These flms
exhibited a =3 fold respoase improvement in the presence
of ethanol as compared to conventional C6S Au MPCs.[>4101
This work demonstrated an elegant and simple method for
sensing organic analytes incorporated into a conductive solu-
tion and the possibility of fabricating multi-sensor arrays for
building an ‘electronic tongue’ by inkjet-printing of nanopar-
ticles with different functionalities.

8.2. Sensing with Individual Nanoparticles

Feldheim and co-workersP% conducted STM studies on
C85- and galvinol {Gal)-coated Au nanoparticles in water
at different pH values. They observed Coulomb staircase
behavior for €8S An and Gal Au nanoparticles exposed to
pH values ranging from 5 to 12. Individual C8S Au clusters
did not show significant changes in Coulomb staircase at dif-
ferent pH values relative to galvinol which at pH =10 oxi-
dized to galvinoxide. The most prominent change for galvinol
was observed at pH 12, where the Gal-Au cluster was depro-
tonated to the form of galvinoxide anion. This leads to an
increase in capacitance and an increase in negative charge
around the cluster surface observed by a potential shift.
The authors concluded that since there were no changes in
Coulomb staircase for C85 Au MPCs as opposed to Gal-Au
MPCs, there must be pH-gated SET which controls the
electron tunneling attributes by subtle changes in the nano-
particle environment. This experiment ele-
gantly demonstrates the importance of the &
cluster environment on the ability to study
SET events in chemically modified metal
nanoparticles.

Schiffrin and co-workers reported the
use of polymethylene-coated Au nanopar-
ticles that carry a central, reversibly reduc-
ible bipyridiniurm molecule that changes
from ON to OFF when adding or with-
drawing an electron in SET experiments.’]
Polymethylene stabilizes the cluster while
bipyridinium serves as a redox molecule
that is oxidized and reduced by control-
fing the substrale-to-solution potential.
Figure 16 shows a nanoscopic electrounic
switch comprised of a single MPC attached
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Figure 17. A) Schematic representation of the experi
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electrode

Figure 16. Schematic representation of the nanoscale device indicating
the redox states of the bipyridinium molecule. Reproduced with
permission.l57]

to the substrate via thiol chemistry. The figure shows sche-
matically the redox states of the bipyridinium molecule indi-
cating an “OFF state’ when the molecule is oxidized and ‘ON
state' when the molecule is reduced. The authors created
molecular switches by using a redox-switchable device that
can store bits and detect single molecules or chemical reac-
tions.1%% This work represents a nice example of using the
electronic properties of a single nanoparticle through seusing
changes in the redox state of a molecule located between tip-
nanoparticle and substrate.

8.3. Biosensing with Metal Nanoparticles

8.3.1. DNA Sensing

Mirkin and co-workers utilized the electronic proper-
ties of Au nanoparticles in order to detect oligonucieotides
as shown in Figure 17.°% In their experiment, a microelec-
trode chip with an electrode gap size of 20 um was first modi-
fied with the oligonucleotide capture strands in between the
microelectrode gap. The capture strand is half complementary

MPRTRY

mental steps for electrical detection of

DNA, B} capture target and probe DNA, and O an optical microscope image of the electrode
used. Reproduced with permission.>8
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with the target DNA of interest. The authors functional-
ized An nanoparticles with probe oligonucleotides that are
complementary (o the other half of the target DNA. When
the microelectrode, target BNA, and Au nanoparticles
brought together in a sohution, the target BNA will cause
the An nanoparticles 1o bind to the microelectrode chip in
the gap between the electrodes by hybridizing with both the
capture and probe oligonucleotides on the chip surface and
Aun nanoparticles, respectively. This does not directly lead to
a conductance pathway between the electrodes since the Au
nanoparticles are not well-connected. For this reason, the film
was treated with AgNG; (Ag") and hydroquinone as a con-
ductivity enhancer caused by the growth of Ag® on the surface
of the attached Au nanoparticles. The deposition of Ag on the
An nanoparticles leads to a conductive pathway and measur-
able signals. The authors demonstrated that in the absence of
DNA, there was no conductivity change even after 40 min of
silver enhancernent. Through this methed, Mirkin’s group was
able to detect target DNA down to 500 femtomolar without
the need for a thermal-stringency wash. They were also able
to discrimninate the complementary target DNA from three
different DNA that each contained a single-base mismatch.
Nagaoka and co-workerst’? studied the resistance change
of probe DNA-functionalized 80 nro-diameter Au gagoparti-
cles assembled by dithiol cross-linking across an electrode gap
following exposure to mismaiched and complementary target
DNA. They formed a conductive film by repeated dipping
cycles of decanedithiol and Au nanoparticles (see Figure 2B)
with further functionalization of the Au nanoparticles with
single strand probe DNA (ssDNA). The presence of the
complementary target DNA hybridization on the film led
to a direct increase in the clectrical conduction through the
An nanoparticle assembly without the need for an enhance-
ment step. The results show that the presence of mismatched
and complementary base pairs (bp) decreased the film resist-
ance by different amounts. The researchers could readily
distinguish between the fully complementary target oligonu-
cleotide and oligonucleotides with one base pair mismatch
because the former showed a larger decrease in resistance.
The larger decrease in resistance was attributed to & over-
lapping between adjacent base pairs, which facilitated the
clectron transport via delocalized electrons present in
hybridized DNA. A later study from the same group showe
that the sensitivity could be enhanced by precisely control-
ling the distance between Au nanoparticles by using a 1.3 nm
U413 They observed a remarkable con-

are

decanedithiol linker.!
ductivity difference between the 1-base-pair mismatch and
complementary DNA sequence and no apparent difference
between 4- and 11-base-pair mismatched DNA.

Fang et al.l% fabricated a biosensor for the detection of
a 22-mer oligonucleotide by using aggregated films of 3-mexr-
captopropionic acid (MPA)}-coated Au nanoparticles. The
gap of S10, between the Au microelectrodes was functional-
ized with peptide nucleic acid (PNA) which acted as a cap-
ture site for the DNA. The inorganic linker Zr% was used for
both enhancing the conductivity of the film by forming nano-
particle aggregates and attaching complementary DNA via
electrostatic interaction between Zr" with the MPA and Zr*
with the negatively charged phosphate of DNA, respectively.

@© 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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The calibration curve showed no conductivity for the control
(no DNA hybridization) and a linear relationship between
the target DNA and one- and two-base-pair mismatch
DNA with the following conductivity trend of target DNA
> 1-base-pair mismaich DNA > 2-base-pair mismatch DNA.
The aunthors concluded that the target DNA concentration
is crucial for attaching more nanoparticles into the gap and
forming more conductive pathways to improve conduoctivity.
In this work, the lowest detection linuit achieved was 5 X
107w,

9. Summary and Future Directions of the Field

here are clearly several benefits of using chemically
modified metallic nancparticles in chemiresistive sensing
devices. First, a number of strategies exist that allow the
controlled syathesis of nanoparticles with different metal
compositions and stabilizers, inchuding self-assembled mono-
layers, ions, surfactants, polymers, or biomolecules for sensing
molecules in the gas or liquid phase. The use of various func-
tional groups or specific mmetals often allows one to selectively
detect a specific analyte of interest. Alternatively, sensor
arrays constructed from a wide variety of functional groups
allows one to distinguish different analvies through principle-
component analysis. Second, there are a number of simple,
low-cost methods available for fabricating electrode devices
and assembling the nanoparticles into 2D or 3D arrange-
ments across clecirode contacts. Photolithography combined
with ink-jet printing is particularly promising for fabricating
a large number of devices in a low cost, large-scale, parallel
manner.781% The amount of material needed is small, which
ieads to a low cost even when expensive metals like Au, Pd,
and Pt are used. Third, the devices are electronic and there-
fore amenable to miniaturization, which usually leads to rapid
measurements in the field as opposed to sending samples to
a lab for analysis, Miniaturization carries the added benefits
of low cost, low waste, and low power consumption as well.
Finally, chemiresistors have proven to be quite sensitive, fast,
and reproducible for several applications, although improve-
ments are always needed in these areas. A summary of vapor,
gas, and liquid sensing and future challenges and directions
of the field follows.

By far the most common application for chemiresis-
tive sensing with metal nanoparticles is for the detection of
VOCs Pl There are several factors that control the sensing
attributes, including particie size " film size 4™ type of sta-
bilizer,B%! type of metal*”! and even metal valence state.l?!]
Monolayer-protected clusters {(MPCs) are the most common
type of nanoparticles used 1o detect VOCs. Researchers usn-
ally employ 3D films of organomercaptan SAM-coated Au
MPCs in these studies?”*! The flm conductivity is based on
the well-established electron hopping mechanism,®! where
the edge-to-edge distance and the dieleciric properties of the
environment are the major {actors. A change in one or both
of these two variables, or even the electron tunueling coeffi-
cient, in the presence of the analyte ¢an alter the electronic
properties, providing a signal for the analyte of interest. It
is not always weli-known which factor dominates, but in the
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case where the vapor analyte causes swelling of the nanopar-
ticle ilm and a resistance increase due to an increase in the
metal edge-to-edge distance, it has been shown that the signal
increases 1) when the polarity of the nanoparticle coating
with the polarily of the vapor analyte,’ 2) when
the film is highly fieible[*! which is achieved by minimizing
cross-linking between metal nanoparticles or by increasing
the chainlength of alkanethiolate-coated metal nanoparti-
cles, 3) when there are more sites for analyte adsorption in
the film,® and 4) as the room temperature analyle vapor
pressure decreases.?! The size of the nanoparticles can play
a role, although it is not very clear, and the size of the 3D
film down to the microscale does not have a significant effect
on the sensing characteristics.*17®! The metal composition of
the nanoparticles apparently plays an important, but poorly
understood role since researchers observed different sensing
behaviors for P and AuAgl¥ alloys as compared to pure
Au nanoparticies.P>%! The film thickness (or coverage) affects
the sensing mechanism. Wheg it is below the percolation
threshold, a resistance decrease occurs due to vapor-induced
swelling and the connection of island films within the partial
layer to create conductive pathways.™! COnce a certain thick-
ness is reached, however, the more common vapor-induced
swelling and resistance increase occurs instead and the sen-
sitivity does not change much,*! aithough the signal-to-noise
may improve with thicker films and response time increases
with smaller, thinner films.|3! The sensing mechanism becomes
dominated by the permittivity difference between the analyte
and medium when the film is rigidly linked.") Metal nanopar-
ticles with highly conductive and rigid coatings exhibit very
poor sensitivity to vapor-phase analytes.!®! The selectivity for
a specific analyte is generally poor when sensing VOCs. The
clectronic response of nanoparticles with nonpolar coatings is
iarger for nonpolar vapors compared to polar vapors, but not
selective enough to determine the identity and quantify the
amount of each VOC in a complex mixture. In that case, it is
necessary to fabricate sensor arrays comprised of nanoparticle
films with various coatings, including surfactantsi®! and other
nontraditional coatings,"®! and employ pattern recognition 1o
determine the analyte identity.***! When coupled with gas
chromatography (GC),*! this can be a powerful methed for
separating, identifying, and quantifying a complex mixture of
vapor analytes, although the use of GC adds to the cost and
device bulkiness. The detection limit of devices are generally
in the low ppm range, although lower limits can be reached by
preconcentration strategies.?!

There are far fewer examples of chemiresistive gas sen-
sors employing chemically modified metal nanoparticles. The
rost popular example involves hydrogen sensing with Pd and
Pd-containing films of metal nanoparticles. Here, the elec-
tron hopping eguation is stifl relevant, but the mechanism is
rery different compared to the detection of VOCs since the
gas analyle geunerally interacts directly with the metal por-
tion of the nanoparticles instead of the organic monolayer.
The organic stabilizer controls the initial electronic properties
of the film, but the gas-metal interaction is responsible for
the conductivity change. In that case, it is imporiant (o uti-
lize a stabilizer that prevents metal nanoparticle aggregation
and size, shape, or morphology changes, but allows the gas

N
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molecules to directly ineract with the metal®® Strongly coor-
dinated ligands, such as thiols on Pd, are typically detrimental
since they prevent the metal-gas interactions necessary 10
measure clectronic changes. Ligands not bound strongly
enough may lead 1o nanoparticle size and shape changes or
irreversible aggregation of the nanoparticles, which could be
equally detrimental. In our studies, we found that PdAg alloy
nanoparticles coated with octylamine ligands, P pure Pd nano-
particles coated with mixed hexanethiol and octylamine lig-
ands,®® and tetraoctylammonium bromide (TOABr)-coated
Pd nanoparticlesP® were capable of stabilizing the nanoparti-
cles, but also allowed reactivity with H, gas and detection well
below the explosive limit. Others have used Pt nanoparticles
for CO and NI, sensing,™’! Au MPCs for NO, sensing,™
and mixed valent films of Au,g MPCs for the detection of CO,
gasPll The selectivity of metal nanoparticles for chemiresis-
tive gas sensing depends on the systern. For example, Pd metal
is highly selective towards H, with few interfereats, but this is
not the case for all systems and the metal-gas or monolayer—
gas interaction is often poorly understood.

The detection of analytes in liquid are more common
compared to gas sensing, but less common compared to the
detection of VOCs. The examples provided here mnclude the
detection of organics dissolved in aqueous electrolyte” and
the detection of biomolecules, such as DNA.F37¢ In the case
of detecting organics, such as toluene and dichloromethane,
the researchers detected the organics at the low 0.1 ppm level
in some cases and found that the film morphology was not
important.'® With a more hydrophobic analyte (octane), the
response time for flat films was five times faster compared
to the coffec-ring films, showing that there is a relationship
between the kinetics and the film morphology/thickness for
more hydrophobic analytes.!%l The selectivity of these films
is similar to the films for sensing VOCs. They will generally
respond to all organics that can nonspecifically partition into
the films. A larger response will occur for analytes that maich
the polarity of the monolayer coating, but it is not highly
specific. Sensor arrays and analyte separation would be ben-
eficial and the technique would work well in less complex
solutions. Researchers have been able to distinguish between
a fully complementary target oligonucleotide and oligonu-
cleotides with one base-pair mismatch in agueous solution
by observing changes in film resistance upon direct hydridi-
zation of the target ss-DNA and the complementary probe
strand bound to the nanoparticle filmP” or by indirect metal-
lization of metal nanoparticles that assembled between a pair
of electrodes upon hybridization of target and probe DNA
strands attached to the electrode gap and metal nanoparti-
cles.[® These films can detect femtomolar quanitites of DNA
and are highly specific due 1o the highly specific binding of
the target and complementary probe DNA.

Chemiresistors comprised of metal nanoparticles have
potential for use in the induostrial sector. The benefits have
been described in terms of simplicity, low cost, sensitivity,
detection limit, miniaturization, and reproducibility, but
several challenges exist. One main problem is selectivity.
It would be a tremendous achievement to completely ana-
Iyze a complex mixture (identity and qoantity) with a small,
handheld chemiresistive device without the use of a prior
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separation by GC or even detect one analyte of interest in
the presence of a complex mixtore of interferents. There is a
need for further exploration of other metal nanoparticle coat-
ings that could impart greater selectivity, which could include
metal-ligand complexes, various polymers or polyelectro-
lytes, surfactants, molecular imprinted filus, or aptamers as
examples. The vast majority of studies have deall with
simaple alkanethiols and other functionalized organomer-
captans, leaving great room for {urther exploration. Another
issue is long term reproducibility, stability, and durability.
The nanoscale metals, alkanethiolate SAMs, or other types
of statilizers are often susceptible to air oxidation over fime,
leading to baseline drift, unpredictable response, or
tnal loss in function.li%93 Poor thermal stability could be
ag issue in ceriain environmenis with SAMs and nanoscale
raetals. Most of the studies to date explore the response of
newly fabricated devices and do sot address long term sta-
bility and use under a variety of environments, especially
those that are harsh. Optimized miniaturization and integra-
tion of the metailic nanoparticles onto the seasing device is
a technical challenge that will also need to be addressed in
future studies. An improvement in the sensitivity and detec-
tion limits below the low ppm level will be required for many
applications. Researchers need to push into the low ppb or
even ppt range without the need for preconcentration to
compete with other technologies and expand applications.

Lower detection limits can hopefully be achieved through
fundamental studies and a better understanding of the rela-
tive contributions of the change in nanoparticle-nanoparticle
distance, permiitivity, and f; on the sensing response as a
function of the metal composition, ligand composition, film
thickness, film size, and type of organization (3D, 2D, or 1D}.
Future studies will be needed to obtain detailed structural,
chemical composition, and electronic information during
sensing to better understand the mechanism in order to
rationally design films with improved sensing attributes.
Improvements in the surrounding receptor ligands or device
miniaturization could potentially improve the detection limits,
There have been no detailed studies on the effects of nano-
particle composition, nanoparticle shape, and film deposition
techniques on the sensing attributes. It would be interesting
to compare the chemiresistive properties of 3D, 2D, and 1D
assemblies. STM studies of single nanoparticles show high
sensitivity to their environment, but researchers have not
yet been able to easily fabricate single-nanoparticle or 1D-
nanoparticle array devices. More information is needed on
the effect of nanoparicle size on the chemiresistive sensing
properties, especially for very small metal nanoparticies,
where they develop a bandgap.'™! Progress in these areas
could lead to detection limits potentially down to the single-
molecule level someday.
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